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PREFACE

This report was prepared by Douglas Aircraft Company, Inc., Missile and
Space Systems Division, under NASA Contract NAS 3-4193. This investiga-
tion was initiated by Lewis Research Center of NASA to determine the
structural behavior of liquid hydrogen propellant tanks when subjected to
meteoroid impact. The work was administered under the direction of the

Chemical Rocket System Division, G. T. Smith, Project Manager.

The report covers the work period 1 July 1964 through 30 November 1965.
It is submitted to fulfill this contract and is cataloged by Douglas as Report
No. SM-52027.

At Douglas, R. W. Hallet, Jr., Director of Research and Development, and
Dr. H. H. Dixon, Chief Engineer of the Advance Structures and Mechanical
Department, provided technical direction, and C. W. Ferguson acted as
Program Manager. W. C. Jenkins, Research and Development, directed
the fracture mechanics experimental and analytical work. R. N. Teng,
Douglas Aerophysics Laboratory, directed the hypervelocity impact experi-
ments. G. E. Sutila, Douglas Aerophysics Laboratory, directed the design

and installation of the LH2 facility at the Ballistic Range.
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Section 1

SUMMARY

An experimental and analytical investigation was conducted to determine the
structural behavior of cryogenic tank wall materials under simulated meteor-
oid environments and to develop practical engineering methods defining tank

working stresses under the impact of hypervelocity projectiles.

The boundary limits between safe fracture and catastrophic fracture were
established for two metals used in cryogenic propellant tanks. The materials
investigated were 2219-T87 aluminum and 5 Al-2.5 Sn (ELI) titanium alloy.
Safe fracture boundary limits were established for a wide range of meteoroid
masses and velocities. A semiempirical equation was developed from the
experiments' results which can be used to safely design unprote>c§ec_1, pres-
surized tanks. Charts were constructed that correlated the fracture behavior
of shielded tank walls with meteoroid impact characteristics and the protec-

tive shield geometries.

Hypervelocity projectiles of known weight were launched by a light-gas gun
to simulate meteoroid impact. Preliminary impact tests were conducted
with the tank walls at -320°F and numerous tests were conducted at -423°F,
Measurements of shock-wave characteristics of the contained cryogenic
propellants were taken and, then, used as an aid in formulating tank design

equations.

The tank membrane stresses at fracture were related to the material frac-
ture toughness. Fracture toughnesses were determined from hypervelocity
preflawed and fatigue cracked panels at -423°F. Good correlations were
obtained between the experimental and calculated biaxial toughness which

were predicted from uniaxial data.



Section 2
INTRODUCTION

In several current space propulsion systems, large size liquid hydrogen
(LHZ) fuel tanks constitute the major volumetric portion, as in the S-IV, the
S-IVB, and the S-II Stages of Saturn Vehicle System. The Atlas-Centaur
also contains an LHZ-fueled upper stage. These tanks are constructed of
high-strength aluminum and stainless steel alloys. Studies indicate that
titanium may also be used extensively for tank structures. IMissions for
these spacecraft in the near future will only expose the large LH2 tanks to
the space environment for a relatively short time where probability of impact

by large meteroids is small. As missions become longer and as LH, tankage

becomes larger, the probability of impact of a dangerous-size meteczrid
against the tank shell increases proportionately. Spacecraft on flights to and
beyond the vicinity of Mars may be subjected to an increasing meteoroid
impact flux rate; this conjecture is generally verified by the recent Mariner 4
measurements where micrometeoroid impact flux rates as a function of

astronomical unit (AU) distance were obtained (Reference 1). Data on larger

sizes of meteoroids are still very meager.

It has been reasonable to undertake current space missions with an incomplete

knowledge of how cryogenic tankage (particularly LH, tank structures) will

respond to impact with significantly large meteoroidj. However, for future
missions it is essential that the behavior of pressure-stressed cryogenic
tankage under meteoroid impact be completely defined, so that structures can
be adequately designed. The research reported here was undertaken to pro-
duce reliable design data on the load-carrying capability of impact-damaged
liquid hydrogen tank shells. The further purpose of this research is to

assess the response of this type of structure to the point loads and distributed
loads that are produced by hypervelocity impact. This research is essentially

an extension of the preliminary investigations reported by Stepka and Morse

(i?eference 2). The immediate objectives have been accomplished and design
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data have been produced on the behavior of the specific aluminum and tita-
nium alloy shell structures which were tested. These data are presented in

this document.

The program had two major objectives. The first objective was to develop
very detailed design data on the behavior of specific materials under hyper-
velocity impact conditions, and the second objective was to develop methods
for predicting the general behavior of cryogenic tank shells under hyper-

velocity impact conditions.

In the investigation for detailed design data, aluminum alloy 2219-T87 and
titanium alloy 5A1-2.5Sn (ELI) were used as the basic materials for sheet

raw stock and simulated tank shells.

In the investigation for methods of predicting the general behavior of
pressure-stressed and fluid-filled cryogenic tank shells under hypervelocity
impact conditions, the analyses gave consideration to such factors as (1) dam-
age to the shell by direct interaction of the meteoroid particle with structural

components and (2) the shock wave overpressures in the contained fluid.

Data on the LHZ shock time-histories were obtained for numerous impact
conditions, and the nature of the LH2 shock was characterized by the method
of Chou (Reference 3). Combination of the projectile impact characteristics
with the LH2 shock wave characteristics governs the behavior of a simple

shell structure when subjected to direct impact by a hypervelocity projectile.

Master design curves of the point-load test results were developed which
adequately describe the particular shell configurations tested. The curves
indicate trends of behavior which may be applicable to panels made from
other alloys. Additional testing will enhance the confidence in the charts for
design of panels that are of different geometry, or that contain different
fluids, than those that were used for these initial tests. Point-load tests are

representative of direct meteoroid impingement on a bare or unprotected

LH2 tank shell.




The point-load tests showed that catastrophic fracture of a LHZ tank wall can
result from the combination of a meteoroid-induced flaw and local over-
pressure in the propellant. Such fractures would abort most space missions,

and in severe cases would cause loss of the entire spacecraft and its payload.

To reduce the probability of this type of failure, many space vehicles have
meteoroid bumper shields to protect the pressure-stressed propellant tank
walls. These outer shields will vaporize and disperse the impacting meteor-
oid particles, and although such protection will greatly reduce the probability
of puncture of propellant tanks, the secondary impaét of debris resulting from

a meteoroid strike against a bumper still poses a significant hazard.

A sizeable portion of the hypervelocity impact experiment effort was directed

to the investigation of various meteoroid-shield-protected LH, tank shells.

2
These distributed-load impact test configurations consisted of simple sheet

metal bumpers spaced at various distances in front of the biaxial panels.

Work on the fundamental nature of the impulse loading resulting from the
interaction of a meteoroid with a thin shield is currently under intensive
investigation by Dr. G. V. Bull and his associates at the Space Research
Institute of McGill University. Some of the Douglas meteoroid-shield
experiments were designed to complement Bull's work and to provide basic

data for future studies on the more complex shielded structures.

Charts correlating the observed fracture behavior of shielded tank walls with
the kinetic energy of the hypervelocity projectiles and the shield stand-off
spacing have been developed and are presented in this report for all of the

configurations tested.

The behavior of shielded tank shells under the conditions of hypervelocity
impact is complex: the region of catastrophic fracture of a main shell is
dependent upon (1) projectile-bumper configuration, (2) shield stand-off
distance, (3) shield material and thickness, (4) stress-level in the tank shell,

and (5) projectile impact velocity.



Hypervelocity projectiles were launched by the Douglas light-gas gun to
simulate the meteoroid impacts. The projectile impact velocities were kept
essentially constant throughout the test program, and impact velocities

averaged 21, 700 {ps.

To provide baseline fracture mechanics data on the materials used to fabri-
cate the impact test panels, a series of static fracture tests on both uniaxial
and biaxial test specimens was conducted. All of the tests were conducted
at LHZ temperature. Detailed results of all static tests are documented in
this report, and the fracture data are used as an aid in correlating the
results of the hypervelocity impact tests with the various fracture mechanics

theories.




Section 3

PROGRAM PLAN

The objective of this research program was to generate design data on and
develop analysis methods for the behavior of meteoroid impact damaged
liquid hydrogen tank shells. Two materials (2219-T87 aluminum alloy and
5A1-2.58n extra low interstitial (ELI) titanium alloy) were selected to be
evaluated for use as the structural shell of a 13-foot-diameter, spherical
liquid hydrogen (LHZ) tank. The materials have characteristics that indicate
that they may be well suited for use in cryogenic propellant tanks. The
2219-T87 aluminum alloy is currently being used for large spacecraft struc-
tures, and the use of the titanium alloy appears attractive for ultra-low-
weight cryogenic propellant tanks (Reference 4). A relatively thick and thin
gage thickness of each material was selected to cover actual thickness ranges

that are representative of future system requirements.

Scope of the Investigation

To develop reliable design data it is necessary to test simulated flight articles
(tanks which contain actual cryogenic propellants) under accurately simulated
flight stresses. It is also necessary to accurately define the mass, velocity,
and integrity of the impacting projectiles. To accomplish the research

objectives, the following tasks were performed:

(1) Task I consisted of design and fabrication of the biaxial test fixture,
the procurement of material for all test specimens, the design of
uniaxial and biaxial test panels, and the design and installation of
the LH2 system in the Douglas Ballistic Range.

(2) Task II consisted of fabrication and testing of preflawed uniaxial
and biaxial panels. Fatigue flaws were produced in the panels at
room temperature. Hypervelocity flaws were also produced in
the uniaxial panels at room temperature. However, impact pre-
flawed biaxial burst test specimens were selected from panels used
during Task III testing that contained simple punctures. The panels
were fractured statically at LH2 temperature as outlined below:



(A) Uniaxial panel tests,

1. Impact preflawed panels--12 tests.
2. Fatigue preflawed panels--8 tests.

(B) Biaxial panel tests.

1. Impact preflawed panels--7 tests.
2. Fatigue preflawed panels--8 tests.

The data obtained during these tests were compared to existing
fracture mechanics theories. Static fracture characteristics
were then considered in the analysis to correlate the Task III
results with impact loading parameters.

(3) Task III consisted of a series of hypervelocity impact tests to
determine the effect of point and distributed impulse loads on
biaxially stressed panels. The experimental phase consisted of
the following (fixture charged with LHZ except as noted):

(A) Hypervelocity impact point-load tests.

1. Liquid nitrogen check-out tests.
2. Test quasi-composite configuration panels (See Section 6. 2).
3. Test unprotected panels (See Section 6. 3).

(B) Hypervelocity impact distributed load tests.

Selection of Materials for Test Panels

Two of the more promising candidate materials for large cryogenic propellant
tanks for spacecraft structure are 2219-T87 aluminum alloy and 5A1-2.55n
(ELI) titanium. Each material has attractive mechanical strength character-
istics at low temperatures and can readily be fabricated into large tanks with
simple weld-joints. In fact, NASA/Lewis Research Center is directing a
comprehensive research effort to fully establish all pertinent characteristics
of these materials. The hypervelocity impact effects phase reported here is

a component part of the overall effort.

The 2219 aluminum was purchased in 0. 032- and 0.125-in. thicknesses.
Sheet sizes were standard for the particular gages, 48 x 144-in. for the
0.125-in. -thick sheets, and 36 x 144-in. for the 0.032-in. -thick sheets.
The material was procurred in the T37 condition, then aged to the T87
condition before testing. All aluminum sheets were from the same vendor,
were from the same mill run, and were procurred especially for this

program.




The 5A1-2.58n titanium, ELI grade, was purchased in 0. 015 and 0. 036-in.
thicknesses, and all sheet sizes were 36 x 96-in. All titanium sheets were
made from the same heat, and were also procurred especially for the pro-

gram.

Preceding materials investigations have shown that the low temperature
fracture behavior of titanium alloys is quite dependent upon the percentage
of interstitial elements (C, 02’ HZ’ and NZ) present, Reference (4) and (5).
In the ELI (extra low interstitial) grade of titanium, the quantity of inter-
stitial elements is held at very low levels. Therefore, knowledge of the
Processing history and precise chemical compositions of the particular
heat of titanium is pertinentto the research effort. The chemical analysis
of the heat of titanium from which the test specimens were made is given in

Appendix A.

The aluminum alloys are not greatly sensitive to small variations in chemical
composition. The material is normally procurred to specifications which
list allowable percentage ranges of the alloying elements; and the producer
certifies that he meets the required specification values. The results of
chemical analysis checks made by Douglas on several sheets of aluminum
from the mill run were compared with specification values and found to be

within specification. The comparative values are shown in Appendix A.

Test Panel Mechanical Properties

Detail tabulations of mechanical properties of the test panel materials are
set forth in Appendix B of this report. Included are vendor data on room
temperature properties and the results of Douglas tests of 48 ASTM type
tensile specimens. Twenty-four of the tensile specimens were tested at

room temperature and 24 were tested at LH2 temperature (-4Z3OF).

Average values of the results of the Douglas tests are used throughout this
report for data analysis and impact test result correlation studies. Tensile
test results indicate that the mechanical properties of each material do not
vary significantly from the mean with either rolling direction or sheet
thickness. Average mechanical properties for data correlation are as

follows:
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1. 2219-T87 Aluminum (-423°F).

A. UTS = oL 102 KSI.
B. YS = ¢_ = 74 KSL

y

2. 5Al1-2.5Sn (ELI) Titanium (-423°F).
A. UTS = ¢ = 220 KSL
B. YS o, = 210 KSIL

Note that the mechanical properties of the materials used for this investi-
gation are truly representative of the alloys. A comparison of the material

properties with previously reported values is shown in Appendix B.

Ground rules for selecting panel maximum test membrane stress were
established to provide that either 90% of yield strength, Ty or the ultimate
tensile strength, T divided by a factor of safety of 1.4 (whichever gave the
lower value) would be used. A second nominal test stress level was taken

as 2/3 of the maximum value.

The yield criterion governed the aluminum panel maximum test stress
selection, and the ultimate criterion governed the titanium. Since the
fixture was completely charged with LH2 during each test, the mechanical
properties at -423°F were used as base strength levels. In general, there-

fore, the biaxial panels were pressurized to nominal hoop stress, op at

levels of
Oy = 0.90 oy = 67 KSI
and
oy = 0.60 o = 44 KSI
for the aluminum specimens, and
Tu
oy T 1.4 ° 157 KSI

and

o = 2/3(157) = 105 KSI

for the titanium panels. Actual measured thicknesses, panel contours, and

fixture pressure levels were used for data analysis of each test.




There is an additional material strength consideration that must be consid-
ered when analyzing data obtained from biaxial tests of titanium panels.
Preceding research at Douglas (Reference 6) has disclosed that the biaxial
strength of certain titanium alloys is significantly greater than that predicted
by techniques which assume the material is isotropic in nature. Based on
Von Mises' criterion for isotropic materials, the 1:1 biaxial yield should be
equivalent to the uniaxial yield. Reference 6 indicates the biaxial yield
strengths (1:1 stress field @ R. T.) for 5A1-2. 5Sn titanium range from 17%

to over 35% greater than uniaxial yield values. Corresponding burst strength
increases (again 1:1 field) were even higher (percentage measurement) when

compared with material ultimate tension strength.

When the panels used for this hypervelocity impact investigation were
fabricated by the hydrostatic bulging technique, reduction of some of the
panel shape as a function of hydrostatic pressure data indicated that the 1:1
biaxial yield of the 5A1-2.5 Sn (ELI) titanium was approximately 15% above
the uniaxial yield. Data obtained during similar work with 2219-T87 alumi-
num alloy indicated that the 1:1 biaxial yield was very close to the uniaxial

yield for that alloy at room temperature.

The precise biaxial strength increase factors for the ELI grade of 5A1-2, 5Sn
titanium at LH2 temperature are not known at present; however, it is thought
that the increase factors will be similar to those observed during tests con-

ducted at room temperature.

The actual 1:1 biaxial yield and ultimate strengths at -423°F are pertinent
for reducing test data and correlating material fracture strength theories
with observed behavior of structures subjected to impact loading conditions.
Engineering logic indicates that biaxial burst strength increase factors at
LH‘2 temperature are perhaps less than those determined at room temper-
ature. Analysis of test results indicated that some increase in the 1:1 biaxial

burst (and yield) strength should be considered.

Therefore, the 1:1 biaxial yield strength, o-yB’ and biaxial ultimate strength,
o.p were taken arbitrarily as 1.15 Gy, and 1.15 T respectively, for all

of the data analysis work.
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Section 4
EXPERIMENTAL TESTING APPARATUS

Two different sets of experimental apparatus were used for the two major
phases of the research effort. Uniaxial static fracture tests were conducted
at the Douglas Materials Research Laboratories with apparatus designed for
a concurrent NASA-sponsored research effort, '""Research on Growth of
Plane-Stress Flaws in Thin Walled Cryogenic Material" by D. A. Eitman and
co-workers (NASA Contract NAS 3-4192). The apparatus will be briefly

described here.

A rather elaborate testing system was designed, fabricated, and installed in
the ballistic range of the Douglas Aerophysics Laboratory (DAL) for the
hypervelocity impact phase of the program. The static burst tests of biaxial

panels were also conducted, with the LH2 apparatus at the DAL Range.

4.1 UNIAXIAL STATIC FRACTURE TEST PROCEDURE

Uniaxial static fracture tests were conducted on fatigue and hypervelocity
impact preflawed panels at -423°F. In general, the tests were performed by
immersing the panels in a cryostat that contained LH2 and loading them

monotonically to failure.

4.1.1 Test Apparatus

The uniaxial test fixture was capable of testing panels with maximum dimen-
sions of 16 x 42 in. to a load of 150, 000 1b at temperatures ranging from
room to -423°F. Both static and fatigue tests could be performed in the
fixture, although all tests in this program were static tests and were con-

ducted at -423°F. A photograph of the test fixture is shown in Figure 4-1.

13
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HYDRAULIC JACK

......................

Figure 4-1. Uniaxial Testing Apparatus

4.1.2 Specimen Design and Preparation

Uniaxial test panels for the hypervelocity impact effects program were
designed for testing in the plane-stress apparatus (NAS 3-4192). Originally,
a width of 16 in. was selected for the aluminum panels and a width of 14 in.
was selected for the titanium panels. These sizes were chosen so that all
attachments in the uniaxial grips would be used. All specimens wcre loaded

so that the direction of stressing was normal to the sheet rolling direction.

The uniaxial test fixture was designed to use a simple bolt and friction clamp
joint at the ends of the panels. The sizes of the flaws produced in several of
the panels were rather small in comparison to overall panel size. Because
similar panels failed in the clamp joint during some preliminary tests, it
was decided to modify the panel design slightly to ensure that they would
fracture at the region of the flaw. The grip area of several panels was rein-

forced by application of finger-type doublers and most of the panels were

machined to a width of 12 in. in the center section to reduce the cross-sectional




area in the region of the flaw. In selecting panel widths, fracture toughness
testing rules-of-thumb indicate that the net fracture stress should be less
than 90% of the yield stressiffracture toughness data are to be valid. Fatigue
preflawed panel tests met these requirements. Some of the impact preflawed
panels fractured at very high stress levels; these stresses, which exceed the
usual levels, result from the inherent strength of panels that contain very

small impact flaws.

The doublers were fabricated and bonded on two aluminum UHO032A#1 and
UHO032A#3 and all of the titanium impact preflawed panels (see Appendix C
for specimen nomenclature). Narmco 7343 epoxy was used to bond the
doublers to the panels, and all panels except for two aluminum fatigue pre-
flawed panels that contained long initial preflaws (UF123A#1 and UF032A#1),

were machined to the 12-in. width.

4.1.2.1 Fatigue Preflawed Panels

Fatigue starter slots were machined in the center of eight uniaxial panel
blanks (two of each gage of each material) by the electrical discharge method
(Reference 7 describes the process). The widths of the slots at each end
were approximately 0.005-in. wide. The lengths were varied from 0.2 to
1.0 in. in the titanium panels and were varied from 1 in. to slightly over 4 in.
in the aluminum panels. These panels were then cycled in a 30, 000-1b-
capacity uniaxial fatigue machine at ambient temperature (Figure 4-2).
Fatigue cracks were grown to lengths from 1/16 to 1/8 in. beyond the end of
the machined slots. In general, load levels were selected so that about
30,000 cycles were required to produce the noted flaw sizes. Table C-I
(Appendix C) shows the geometry of the fatigue preflaws and the test plan for

uniaxial testing of fatigue preflawed panels.

4.1.2.2 Hypervelocity Impact Preflawed Panels

Hypervelocity impact preflaws were produced in the center of 12 uniaxial
panel blanks (3 of each gage of each material). The hypervelocity impact
shots were made into 2 panels per shot, and impact velocities were in the
22,000-fps range. The titanium panels were impacted by 1/8-in. -diam
pyrex glass spheres (40 mg), and the two sheets were spaced 1/4 in. apart.

The aluminum panels were impacted by 0.30-in. -diam by 1/4-in. -long Lexan

15
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Figure 4-2. Setup for Growing Fatigue Cracks in Uniaxial Panels

cylinders (400 mg) and the two sheets were spaced 1/2-in. apart during each
shot. The impact test configuration selection was based on the results of
some preliminary shots that were made on small sheet panels of the aluminum
and titanium. It was found that a typical hypervelocity flaw could be produced
in each sheet when they were spaced a small distance apart if the projectile
had enough energy to completely perforate both sheets. Figure 4-3 is a photo-
graph of the results of a shot into two 0.015-in. -thick titanium panels. The
type flaws shown are typical of hypervelocity preflaws produced. Table C-II
(Appendix C) shows the geometry of hypervelocity impact preflaws.

4.1.3 Instrumentation

The panels were instrumented with continuity gages which measured the flaw
size during the tests. Two different size gages were used: one was 3/4-in.
wide and measured crack extensions up to 0.20 in. in 0.01l-in. increments;
the other gage was also 3/4-in. wide, but measured crack extensions up to

2 in. in 0.10-in. increments. Two small gages were installed on all titanium




a. OVERALL VIEW OF 0.015-IN.-THICK TITANIUM PANELS
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b. CLOSE-UP VIEW OF IMPACT PREFLAWED AREA OF REAR SHEET

Figure 4-3. Typical Primary and Secondary Type Hypervelocity Preflaws
in Uniaxial Panels
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panels and on each aluminum panel that contained relatively small size
preflaws. Large gages were installed on aluminum panels that contained
large preflaws. For intermediate-size flaws, combinations of small and
large gages were installed. The gage outputs were traced on a multichannel

recorder with load cell outputs, as a function of time.

4.2 BIAXIAL STATIC FRACTURE TEST PROCEDURE

As noted in the introductory statement on test apparatus, the biaxial static
(burst) tests were conducted with the biaxial test fixture and the LI—I2 pres-
surizing system that was built for the hypervelocity impact experiments.
This equipment is described in detail in Sections 4.3.3 and 4.3.4. In gen-
eral, a biaxial panel burst test was conducted in the same manner as an

impact test except that, of course, the light-gas gun was not fired.

4.2.1 Specimen Design and Preparation

Standard biaxial panels were used as test specimens for the biaxial burst
tests, and both fatigue preflawed and hypervelocity impact preflawed panels
were tested. A group of biaxial panels that contained simple punctures were
selected from the remains of specimens from the hypervelocity impact tests

as impact preflawed test specimens.

4.2.1.1 Fatigue Preflawed Specimens

Six panels were fabricated and formed to the required spherical contour
(forming procedure described in Section 4. 3.5). Fatigue starter slots were
machined in the center of the six panels by the electrical discharge
method. The widths of the slots were made approximately 0.005-in. wide,
and the lengths were varied from 0.2 to 1.0 in. Long axes of all slots were
parallel to the rolling direction of the sheets. The slots were patched with a
non-load-carrying rubber seal, and the panels were installed in a jig which
pressurized the panel with hydraulic oil. A pressure cycling system was
set up, and fatigue cracks were grown in each of the six panels. Table C-III

(Appendix C) shows the geometry of the fatigue preflaws in the biaxial panels.




After the fatigue cracks were grown, the rubber patch was removed and the
cracks were sealed with thin (0. 005-in. -thick) sheets of Mylar with the edges
of the Mylar tacked down with Mylar pressure-sensitive tape. A piece of
thin stainless steel shim stock was placed (but not rigidly attached to other
parts) between the Mylar patch and the panel. This simple patch worked

satisfactorily during the fatigue flawed panel burst tests.

4.2.1.2 Hypervelocity Impact Flawed Specimens

Impact preflawed biaxial burst test specimens were selected from panels used
during hypervelocity impact point-load testing that contained simple punctures.
Two panels of each gage of each material were selected and prepared for burst
testing. Panels with punctures that were at the small end and at the large end
of the range of each configuration were selected. However, consideration
was also given to the overall structural condition of each panel (in post impact
test condition) during the selection process. Some of the panels that survived
the point load tests with simple punctures but which were prestressed to the
higher membrane stress levels and subjected to high energy level impact

shots were rejected as unsuitable for fracture testing. The primary reason
for this decision was that the conditions described usually produce general
yielding in the region of the panel adjacent to the hole; in some cases local
deformations were quite severe. As a geometric description, the shape of
these particular panels is characterized here as of volcanic form. The

skins are raised in conical form, about the center of the hypervelocity impact
crater, above the original spherical surface. Upon post-impact hydrostatic
pressurization of such a panel, the 1:1 biaxial membrane stress is modified
by the change of shape of the panel as well as by the presence of the punched
hole.

Table C-IV (Appendix C) lists the panels that were selected and prepared for
burst testing and the test plan for burst testing.

Originally it was planned to statically burst each of the eight panels listed in
Table C-IV. However, the panels tested burst at very high stress levels, and
it was not possible to fracture certain panels which were made of the thicker

gage sheets within the pressurization limitations of the LH2 system.
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Review of the results of Burst Tests 7 through 13 indicated that the tests, as
conducted, did not produce the precise fracture mechanics baseline data
desired. All panels which survive impact testing with simple punctures
evidently have undergone some yielding (to varying degrees) in the region
directly adjacent to the hole; hence, a complicating factor is introduced.
Testing was conducted to the stage where, within the design capability of the
LH2 pressurization system, additional runs would produce no further per-

tinent fracture data, and so then testing was discontinued.

The impact preflaws were sealed in the same manner as that described in the
preceding section except it became necessary to improve the patching system
for the higher pressure tests; the simple patches leaked somewhat at the
higher test pressures. To fix the patch leakage problem, a one-half mil
Mylar sheet that covered the entire back surface of the panel was placed

between the panel and the test fixture. This leak repair proved effective.

4, 2.2 Biaxial Panel Instrumentation

Two types of measurements were made during the biaxial panel static fracture
test sequence. First, it was required that the panel hoop stress, Oy be
accurately defined. The measurements made for determination of the basic
stress state were of panel shape and fixture hydrostatic pressure. The
apparatus described in the section on biaxial panel instrumentation was used;
however, some slightly different techniques were used to measure preflawed
panel shape. Second, it is essential that any slow growth be recorded if

correlation using fracture mechanics analysis techniques were to be made.

The shape of each panel was carefully measured up to and beyond the material
yield strength pressure levels (and recorded) during the initial hydrostatic
bulge form operation. For the fatigue preflawed panels, measurements of
panel contour were again taken at room temperature after the panel was
installed in the LH2 biaxial test fixture. The remote controlled spherometer
was adjusted to one side of the panel centerline so that the center leg did not
rest exactly on the fatigue-crack slot. Local bulging of the panel at the slot
would cause mismeasurement of general panel curvature. The room tempera-

ture measurements were compared with those taken during the original forming




operations, and were found to be in reasonable agreement. Measurements
were also taken after the fixture was charged with LHZ' All measurements

on the fatigue flawed panels, both at room and at LH2 temperature, were
taken only to safe hoop stress levels. If a catastrophic fracture had occurred
during the time the spherometer was on the panel, the instrumentation would
have been destroyed. The panel shape measurements were extrapolated from
the maximum values obtained at LH2 temperature to the panel fracture condi-
tions. Extrapolated panel shape measurements as a function of fixture hydro-
static pressure were compared with numerous similar traces taken during

the hypervelocity impact phase of the program. These were within the general

accuracy of the basic instrumentation readout.

For the hypervelocity impact preflawed panels, panel shapes were calculated
from the data taken during each impact shot. However, these data were only
taken of pressure levels that produced stresses in the vicinity of material
yield strengths. All impact preflawed panels fractured at higher stress levels
than expected; panel shapes data were again extrapolated to higher pressure
levels. It is not claimed that this procedure is highly accurate. Note again
that local deformations of the panels produced significant effects on panel
fracture behavior. Future work of this nature should include much more

elaborate panel shape measuring instrumentation.

Instrumentation to monitor any growth of the preflaws during the application
of hydrostatic pressure loadings was also used during each burst test. Two

types of systems were used.

4.2.2.1 Fatigue Preflawed Panel Crack Growth Instrumentation

Foil type continuity gages as described earlier were installed on the six
fatigue preflawed panels to record slow crack growth during each burst test.
Two gages were installed at each end of the fatigue flaw; small gages were
mounted at each end of the flaw on each titanium panel and on the thin gage
aluminum panel that contained a relatively small fatigue flaw. Both a small
and a large gage were mounted at each end of the flaw on the two aluminum
panels that contained relatively large fatigue flaws. The signals from each

continuity gage output channel were recorded, along with the fixture
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hydrostatic pressure, on a multi-channel Y-t recorder. The tips of the
progressing cracks were contained within the instrumented area on each panel

up to the instant of catastrophic fracture.

4.2.2.2 Impact Preflawed Panel Crack Growth Instrumentation.

Before actual testing, it was not known whether there would be any slow
growth of cracks from the impact flaws (analogous to that observed during
tests of fatigue flawed specimens) during the static burst tests. The foil
type continuity gages could not be used as there was no reliable method of
predicting the point of initiation, around the periphery of the punched hole,

and the direction of the final fracture propagation paths.

Cinematography of the front face of the panels was selected as the data
instrumentation for this series of burst tests. A jig was built to locate the
exact center of the puncture in each panel, and a series of concentric circles
were scribed, using a pair of machinist dividers, around the hole on the
front face of the panel. The contrast between the panel surface and the
fiducial scribe lines was enhanced by first painting the panel with dark blue
machinist layout dye. A standard 16mm movie camera was set in the range
tank about four feet in front of the biaxial test fixture. A 4-in.-focal-length
lens was used to provide a 3 x 4 in. field of view. The camera was protected
by a steel armor plate that contained a heavy acrylic plastic viewing port.
Standard spot lights were used for illumination, and ASA 400 speed, black

and white film was used in the camera.

The resolution of the resulting photorecorded data was good; the scribe lines
were bright and clear. It appears, from examination of enlargements of the
film strip, that any slow growing cracks in the region of the impact flaw
(before the instant of catastrophic fracture) would be discernable. No slow
growth crack extension from the impact flaw is shown by the photorecorded

data (Figure 4-4).

The figure shows the last two frames taken before the panel fractured and a
frame in which there are indications of the actual fast propagating crack.

The camera was operated at a framing rate of 48 frames per second during




Figure 4-4. 16mm Camera Photorecording — Burst Test No. 7

this test sequence. The panel loading hydrostatic pressure was steadily
increased from the minimum value (1 atm minimum differential in the ballis-

tic range LH, set-up) to that producing panel burst in approximately 1 min.

2
elapsed time. Figure 4-5 shows the post-burst-test condition of the same
panel. Note the correspondence of the fracture paths shown by this photo-

graph with the indications shown by the third 16mm frame of Figure 4-4.

4.3 HYPERVELOCITY IMPACT TEST PROCEDURE

The impact experiments were conducted in the ballistic range at the Douglas
Aerophysics Laboratory, El Segundo, California. The experiment arrange-
ment of the ballistic range is shown schematically in Figure 4-6. Figure 4-7
is a photograph of a portion of the facility. The range consists of a two-
stage light-gas gun, a blast chamber, and a range tank that is 10-ft in
diameter by 100 ft long. Apparatus for holding and pressurizing the biaxial

test panels was located approximately at mid-station in the range tank. The
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Figure 4-5. Post Test Condition of Test Panel — Burst Test No. 7
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Figure 4-6. Schematic of Douglas Aerophysics Laboratory Ballistic Range

Figure 4-7. Ballistic Range Light Gas Gun
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loading fixture and LH2 handling apparatus was designed and built especially

for the program.

4.3.1 Projectile Launching Equipment

The light-gas gun used for the experiments has a 0. 25-in. -diam nominal
bore launch tube, and was designed to operate like the gun described in
Reference 8. Light-weight (about 0.1 g) Lexan (a polycarbonate) cylindrical
projectiles can be launched to velocities in the high 20, 000 foot per second
(fps) range with this particular system. To launch the required range of
projectile sizes required for this program, various size launch tubes were
used; bore diameters ranged from 0. 280-in. to 0.360-in. diameter. Total
launch weights (sabots plus projectiles) ranged from about 0.2 to 0.6 g.
Projectile velocities averaged about 22, 000 fps (at the instrumentation sta-
tions, just uprange from the target fixture) and gun loading parameters were
selected to maintain a constant velocity, of this order, during each shot.
Because of the expense associated with each LH2 test run, this moderate
projectile launch velocity range was selected; that is, clean-shooting reli-
ability was given priority over all-out efforts to push launch velocities to the
upper (for light-gas gun) limits. There is a natural tendency for the velocity
performance of a given basic gun configuration to be degraded slightly as

launch mass increases.

4.3,2 Projectile Characteristics

Either aluminum spheres or Lexan cylindrical slugs were used as test
projectiles throughout the course of this program. The only exceptions were
the first two LN2 check-out shots where pyrex glass spheres were used as
projectiles. Commercially-manufactured precision aluminum balls, ranging
in size from 1/16 to 1/4-in. -diam, were used; the diametrical tolerance on
each lot of balls was -0 to +0.0005 in., individual balls of the same size were
from the same manufacturing lot, and were of identical weight (to £1 mg
measured by a laboratory balance). The values listed in Table 4-1 are the
average of the weight measurements of 10 aluminum balls of each basic size;
the table values were used for reduction of data from impact tests where the

aluminum projectiles were used. All aluminum projectiles were launched in

a sabot.




Table 4-1
CHARACTERISTICS OF ALUMINUM SPHERICAL PROJECTILES

Projectile Diameter Projectile Weight
(in.) (mm) (mg)
1/16 (0.0625) 1.59 6.0
3/32 (0.0937) 2.38 20.0
1/8 (0.1250) 3.18 47.3
5/32 (0.1562) 3.97 - 92.0
3/16 (0.1875) 4.76 159
7/32 (0.2194) 5.56 253
1/4 (0.2500) 6.35 378

The Lexan cylindrical projectiles were machined by Douglas as required.
Two sizes were used. One set was nominally 0. 280-in. -diam by 0. 200-in. -
long, with an average weight of about 0.22 g. The larger size was nominally
0.350-in. -diam by 0. 350-in. -long, with an average weight of about 0.57 gm.
The weight of each Lexan projectile was measured, recorded, and used to

reduce the impact test data for that particular shot.

4.3.2.1 Projectile Velocity and Integrity Instrumentation

Projectile velocity was measured by a flash X-ray shadowgraph system that

was located just up-range from the biaxial test fixture. The system consisted

of two stations which were 5 ft apart. The trigger system for the first X-ray
station consisted of a light screen and a photomultiplier monitor and readout
system. This station recorded a shadowgraph of the projectile in the
as-launched condition. The trigger system of the second X-ray station
consisted of a thin (1/2 mil) Mylar yaw screen and photocell monitor. The
light flash given off as the projectile punctured the screen provided the
sequencing signal. Appropriate time delays were provided in the electronic
circuits so that the X-ray tube was discharged at a time when the projectile
was at, or near, the center of each instrumentation station. The Mylar yaw
screen substantiated the cleanness of the shot. The second X-ray shadow-

graph substantiated the integrity of the projectile after passage through the
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yaw screen. The time duration between the discharges of the two X-ray
tubes was measured and recorded by a 10-mc electronic counter. With this

system, the projectile impact velocity was calculated to within 1%.

4.3.2.2 Statistical Analysis of Impact Velocity

A distribution of measured values of projectile impact velocity (as measured
by the flash X-ray instrumentation system) for 70 LH2 test runs is shown in
Figure 4-8. The most probable value for impact velocity is 21, 660 fps with

a probable error of the mean equal to 70 fps. The standard deviation, S is
850 fps and with a value of 1. 64 s, (90% probability all deviations within the
chosen limit) the projectile impact velocity may be taken as 21, 660 £1,450 fps

fps for this study.
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Figure 4-8. Observed Distribution of Impact Velocity




4.3.3 Installationofan LH, System at the Douglas Ballistic Range

Figure 4-9 is a schematic of the LH, system that was built into the ballistic
range and Figure 4-10 shows some of the plumbing as installed. During the
initial liquid nitrogen shots, the LH2 Dewar vessel was left unconnected, and
the LN2 Dewar was simply attached to the cryogenic transfer lines that feed
the main chamber of the test fixture (Figure 4-11). All control valves for
LH2 operation were remotely operated, and pressure and temperature
instrumentation was read remotely in the control room. As a safety meas-
ure, a 10-ft-high earth-filled barricade was built around the LH., Dewar

2
vessel site at the side of the range tank.

The levels of the cryogenic fluids were monitored by thermocouples at the
locations shown on the schematic. During a typical LH2 test, the fixture was
first precooled to -320°F by charging the cooling jacket with liquid nitrogen
(LNZ)' The main chamber was then charged with LH2 until the thermocouple
above the pressurization reservoir indicated the liquid level was at, or above,
this location. Purpose of the reservoir was to ensure that the main chamber
remained full of hydrogen in the liquid phase throughout the critical sequence
of test events. Tests were not completed unless the thermocouple just below

the reservoir showed that liquid was still above that level.

4.3.4 Biaxial Fixture Design

A test fixture capable of biaxially stressing test panels made from the
selected aluminum and titanium alloy sheet material to the design membrane
stress levels, with LH2 as the pressurizing medium, was designed and

built. The fixture, as shown by Figure 4-12, is basically a hemispherical
container. Test panels were bolted to the front face by means of a bolt
circle and a clamp ring. The fixture contained ports for direct attachment
of the LH2 fill and vent lines. A precooling jacket was formed with a second-
ary shell which was welded on the back of the biaxial test fixture. The

secondary.shell incorporated connections for cryogenic lines.

The shell of the fixture was made from 6061-T6 aluminum alloy, and fasteners
for the hold-down ring attachment were made from A-286 stainless steel. In
general, all other metallic items of the assembly were of various aluminum

and stainless steel alloys. Encapsulated spring-loaded tubular Teflon O-rings
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Figure 4-11. LN9 and LH, Supply System at the Ballistic Range
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were used as the primary seals because they were relatively inexpensive and

were reuseable.

A 1/2-in. -thick aluminum plate was mounted just in front of the back spherical
surface of the LH2 chamber to catch particles of debris that completely tra-
versed the LH2 chamber during the hypervelocity impact tests.

The volume of the internal LH2 chamber of the biaxial test fixture was

approximately 1 ftz.

4.3.4.1 Biaxial Fixture Instrumentation

In addition to the thermocouple and static pressure transducers shown in
Figure 4-9 that were installed in the LH2 system, a set of dynamic pressure
transducers was mounted directly in the LH_ chamber of the biaxial test

2
fixture. This instrumentation measured the characteristics of the LHZ
shocks during the impact tests. Figure 4-13 shows the installation. The
transducers were quartz crystal piezoelectric pickups and two different

models were used.

The forward transducer No. K1 was rated to a maximum pressure of 30, 000
psi while the remaining two gages, No's. K2 and K3 were rated to 15, 000 psi
maximum pressure loadings. The rise time of these gates was on the order
of 3 psec. Although this response time is not nearly fast enough for the
signal traces to follow the true shape of a sharp-edge rapid-decay shock,

the time of arrival of the shock at the instrumentation stations can be fairly
accurately determined. Shock velocity measurements are sufficiently accu-

rate, however, to form the base for deducing an expression that characterizes

the LH2 shock.

The signals from the piezoelectric transducers were conditioned and amplified
by charge amplifiers and then fed to two or more dual-beam oscilloscopes.
Pressure as a function of time traces were photorecorded by still cameras
which were mounted on the face of the oscilloscopes. Traces from trans-
ducers No. K1 and K2 were displayed on one scope and traces from transdu-

cers No. Kl (or K were displayed on a second

in some runs) and K

2 3
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dual-beam oscilloscope. Thus the time base for each transducer can be

related to those of the other pressure pickups.

The dynamic-pressure-recording oscilloscopes were triggered by a signal
from a photocell which was focused on the front face of the test panel. During
the major part of the test effort, where the entire front of the fixture was
enclosed in a helium purge tent, the traces were usually triggered just before

the projectile actually impacted the target panel.

Similar electronic systems were used at other locations in the range to
provide instrumentation sequencing signals. The array of data recording

apparatus is shown in Figure 4-14.

4.3.5 Biaxial Panel Design and Fabrication

The biaxial panels had a 24-in. overall outside diameter with a free 18-in.
diameter dimension inside the area of the clamp ring, and were designed to

simulate the shell of a 78-in. spherical-radius propellant tank. Two methods

Figure 4-14. Data Readout System and Ballistic Range Control Console
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were considered for forming the panels to the desired spherical radius. One
approach was to hydropress the panels, and some actual development work
with this approach was accomplished. The high spring-back characteristics
of the sheet material gave problems, however, and the hydropress approach
was abandoned. The use of more complicated manufacturing techniques,
such as stretch and hot forming, were considered, but they would have

required extensive tooling development, which did not appear warranted.

The biaxial test fixture had been designed so that it was capable of hydro-
statically forming the panels and this approach was then evaluated. The
results were good and the method was selected for forming the panels. To
form the panels by the hydrostatic bulge technique, panels in flat sheet form
were bolted in the regular biaxial test fixture, the fixture was connected to

a hydraulic stand and a pressure transducer was mounted in the hydraulic
system. The pressure transducer output was recorded on a X-Y plotter.
Figure 4-15 shows the setup for the hydrostatic forming procedure. Panel
shapes were measured during the runs. The dial indicator reading is readily

related to spherical radius (Figure 4-16). Also shown are the spreads in dial

Figure 4-15. Setup for Hydrostatic Bulging of Biaxial Panels
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indicator reading for a *10% tolerance on the spherical radius of the panel.
The 10% tolerance was selected as a specimen design configuration require-
ment. The system was pressurized and panel contour readings were taken.
After each increment of load, panel residual contour measurements were
taken. By projecting the residual contour measurements it was possible to
stop at the proper pressurization level. Figures 4-17 and 4-18 show sample
plots of some of the data obtained for the 0.032-in. -thick alumumum panel B0O2.
Figure 4-19 shows the variation of spherical radius with radial locations

from the center of the panel at three levels of hydrostatic pressure.

All of the panels as formed were somewhat non-uniform in spherical contour
at zero (or very low) internal pressure. A pattern of medium curvature
existed at the apex (or center), and this curvature first decreased out in the

radial direction, then increased rapidly near the edges of the hold down ring.
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The application of only a small amount of internal pressure, however, was
sufficient to round the panel, at least over a reasonably large central area

of the biaxial panels.

4.3.5.1 Biaxial Panel Instrumentation

During the effort that developed techniques for fabricating the biaxial panels,
it became apparent that it would be necessary to carefully measure the shape
of the panel in the impact area (the center of the panel) during each experi-
ment test run. The shape each panel took during the hydrostatic forming
operation was a function of the shape of the stress strain curve in the knee
region (stresses slightly less than the 0. 2% offset tensile yield). Although

the contours of the parts after forming fell within the allowable *10% tolerance
band, the panel membrane stresses (which are dependent on the panel contour

and fixture pressure) at the time of actual impact had to be determined to a
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higher degree of accuracy for use during analysis of test data. It was there-
fore decided to install a device inside the range tank to obtain and record
panel shape measurements during each test, and an instrument was designed
especially for the program (Figure 4-20). This instrument is basically a
spherometer with outer tripod legs located on a 4-in. -diam circle. The
center leg, however, is connected to a linear differential transformer, and
the biaxial panel displacement at its center relative to the tripod leg contact
points was recorded as a function of fixture hydrostatic pressure on an X-Y
plotter. The spherometer floated, but was lightly dead-weight loaded against
the front face of the biaxial panel. It was held by a swinging lever that was
in turn, mounted to a pivot lug on the biaxial test fixture. The device was

retracted before each shot.

Four biaxial panels (one of each gage of each material) were instrumented,
each with three strain gages. Figure 4-21 shows the geometry of the instal-
lation on each panel. The gages each had a grid length and width of 1/8-in.
Standard components were used to complete the bridge power supply and data
readout systems. Panel strain measurements were recorded as a function of
fixture internal pressure. Calibration runs, at both ambient and at LH2
temperature, where conducted on each panel. Measured panel strains are
shown in Figures 4-22 and 4-23. Also shown are calculated panel strains
which are based on panel shape as measured by the spherometer instrumen-

tation. Calculated and measured strains are in reasonable agreement.

The calculated strains include effects of both panel hoop stress loadings from
the hydrostatic pressure, and bending strains produced by slight changes of

panel curvature as loadings are applied. Bending strains in the thinner gage
panels are practically insignificant. Calculated bending strains were as high

as 15% of the total strain in the thick aluminum panel.

The total strains at LH2 temperature (from assumed zero loadings) were
calculated from the panel contours which were measured during the tests of
the four instrumented panels. It was not possible, however, to obtain a

zero pressure reading for the strain gages after the fixture was charged with

LHZ. The range was evacuated before the fixture was filled and the fixture
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Figure 4-21. Biaxial Panel Strain-Gage Instrumentation
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Figure 4-23. Strain-Gage Calibration of Titanium Biaxial Panels




was charged through transfer lines that vent to atmospheric pressure. Hence,

there was at least one atmosphere (14.7 psi) pressure differential on the panel.

The anchor points of the measured strains are at fixture-range differential

pressures in the 15-20 psi range (1 atmosphere plus the head in the LH2

Dewar). However, calculated and measured values agree if slopes of the

curves are the same at corresponding fixture pressures. The LHZ strain

data are shown in this manner in Figures 4-22 and 4-23.

45



Section 5

STATIC FRACTURE TESTS OF PREFLAWED PANELS

In this program an attempt was made to correlate the fracture strengths of
panels preflawed and stressed by a variety of methods. Appropriate to the
structures applicable to this investigation all test panels were ruptured at
the temperature of liquid hydrogen. Both uniaxially and biaxially (1:1)

stressed panels were investigated.

The types of preflaws were: (1) punctures produced by particles on hyper-
velocity impact and (2) cracks produced by cyclically stressing the panels.
All flaws in the panels were centrally located. The fatigue-cracked panels
were included for testing since the fatigue crack is known to be the severest
type flaw that can be produced. In some cases a flaw by hypervelocity

impact may be equivalent to a fatigue crack; in other cases it is not.

The fracture strength and fracture toughness of the two materials under
various test conditions were determined. Results of uniaxial tests were
compared with known fracture mechanics equations: correlation of the
experimental data with the fracture equations was good for both fatigue and
impact type preflawed panels. Good agreement is also shown between the
experiment results and the predicted behavior under biaxial straining. The
biaxially strained characteristics are predicted from uniaxial data of various
flaw types. The fracture toughness characteristics of materials determined
in this manner have been found useful in correlating the hypervelocity impact

point-load tests.

_ 5.1 UNIAXIAL PANEL FRACTURE TESTS

The experiment results of the uniaxial stressed panels are analyzed in this
section. Twenty panels were tested and Figure 5-1 shows typical test results.

The test data are plotted in all the figures of Section 5 as the gross area
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tensile stress at fracture as a function of both the initial flaw length or
crack size (in inches) as well as the critical flaw size. In some cases
separate graphs are presented for the two types of flaws. The curves on the
figures are represented by mathematical formulae and are constructed to
closely match the experiment data. The equations and parameters used in

the fracture mechanics formulae are discussed below.

5.1.1 Analysis Methods

In the field of fracture mechanics, theoretical and semi-empirical equations
have been developed to predict fracture strength of flawed structure under
both uniaxial and biaxial conditions. However, the reliability of the methods
needs to be continually substantiated. This is mainly due to the newer

design and environmental conditions requiring investigation.

The two predominant experimental parameters necessary to check the
validity of the analytic formulae are: (1) the type and size of flaw or crack
at instability and (2) the level of stress in a structure at the onset of

fracture.

It should be recognized that under the complex testing conditions of this pro-
gram, the critical size of flaw or crack that is formed at the instant of
rupture is not always easily measured. An accurate determination of the
flaw size preceding instability is required if normal fracture mechanics
equations are to be used. The method for determining the size of such

cracks is discussed in the section on test procedure.

The method emplorys bonded continuity gages to measure the propagation of
fracture. As fracture progresses across the panels the small wires or
strands of the gage are correspondingly fractured. There is some evidence
that the continuity gage strands tend to break ahead of a slowly propagating
crack, particularly when the gages are installed on titanium and when the
tests are conducted at cryogenic temperature. Therefore, analysis based
on the continuity gage data readout probably results in an overestimation of
the critical flaw sizes, 2a and £.. To obtain the possible spread of uncer-

tainty for K. and Rp’ a fit was made to the initial flaw sizes 2a and lo.
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For design purposes, the value of the initial flaw size should be used if the
critical length at instability is not accurately known. W.S. Pierce
(Reference 9) states that in practice the original crack sizec is a practical
parameter to use in calculating acceptable stress levels for a structure with

a known flaw.

The calculated stresses and measured flaw lengths were then introduced into

the following equations:

1. Irwin Method.

Irwin (Reference 10) has developed a theoretical analysis to
define the fracture toughness, K., of finite-width panels under
uniaxial tensile loading and containing central flaws or cracks.
His formula is as follows:

2 1/2
K =o|lwtan { & [a + —— (5-1)
C w

where
o = gross section stress at fracture
w = panel width-
a = 1/2 the crack length in inches at fracture (central crack)
0”Y = uniaxial yield strength
K_°
> = uniaxial plastic zone size correction at crack tip
ZnUY

2. Christensen-Denke Method.

A semiempirical method developed at Douglas (Reference 11) is
based on physical observations and relies on experiment results
to define a single, initially unknown parameter.

It has been demonstrated (References 11 and 13) that the method
will predict behavior and strength of flawed structure (through
cracks in thin sheets, that is, essentially plane stress conditions)
for a wide range of panel widths and for both uniaxial and biaxial
strain conditions. The equation is represented in the form:
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Tfracture = (5-2)

where
o = either uniaxial or multiaxial strain tensile strength
Rp = notch resistance factor (empirical)
L = total central crack length at instability
w = panel width

The above methods have both advantages and disadvantages. It was proposed
that both approaches be considered in evaluating the experimental results
generated in this program. Therefore, experimental data are compared

with the predicted behavior of the panels defined by each of the methods.

5.1.2 Correlation of Results with the Irwin Method

Test results of the center-fatigue-cracked and impact-flawed panels in the
titanium and aluminum alloys are shown in Figures 5-2, 5-3, and 5-4. In
the titanium alloy, slight differences in fracture strengths can be noted
between the 0.015- and 0.036-in.-thick panels. Also noted is the lower frac-
ture strengths of the fatigue-cracked titanium panels as compared with the

titanium panels containing impact flaws.

Figure 5-4 presents both impact and fatigue preflawed panel data for the
aluminum alloy. No difference in fracture strength of statistical significance
can be noted for these panels in relation to panel thickness or type of flaw.
The fracture strengths of fatigue-cracked aluminum panels appear to be

slightly lower than that of impact preflawed panels.

A summary of average fracture toughness values of the materials investigated
is given in Table 5-1. A complete tabulation of all uniaxial static fracture
test data is given in Appendix C. The value of the stress intensity factor, K,

corresponding to initial flaw size is also given in Appendix C.
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Table 5-1
FRACTURE TOUGHNESS AT -423°F
Material Flaw Type K_, (KsI Nin. )%
5A1-2. 5Sn titanium (ELI) Impact (hypervelocity 167
penetration)
5A1-2.5Sn titanium (ELI) Center-fatigue crack 136
2219-T87 aluminum Impact (hypervelocity 107
penetration)
2219-T87 aluminum Center-fatigue crack 97

*Values are average values for both thicknesses (thin and thick gage) of each
material. See Tables C-V and C-VI for complete tabulation.




5.1.3 Correlation of Results with the Christensen-Denke Method

Similar to the Irwin equation, the Christensen-Denke formula can be used to
accurately represent the fracture strength envelope for flawed and ruptured
panels. Figures 5-5, 5-6, and 5-7 show the fit of the equation (represented

by the curve) to the experiment results.

Both fracture mechanics equations used in this program can be modified for
the condition of biaxial loading. The modification of the equations and their

fit to experimental pressure vessel data is discussed next.

5.2 BIAXIAL PANEL FRACTURE TESTS

The experimental results of the biaxially stressed panels are shown in a
form similar to that used for the uniaxial panel work. Preflaws were pro-
duced by hypervelocity impact and by fatigue cracking. A total of 13 biaxial

panels were tested.

5.2.1 Analysis Methods

The analytic equations used in treating the biaxially stressed panels are
basically the same as those presented above. Irwin's equation can be used
for biaxial conditions with slight modifications to correct for sheet bulging
(bending) at the flaw tip and radius of curvature effects. R.B. Anderson
(Reference 12) has derived a simple expression to account for these effects
in Irwin's uniaxial loading equation. The resultant equation which has been
used to predict fracture behavior of the flawed pressure vessel panels of
this program is given below. Although this equation has been developed for
cylinders (2:1 stress ratio), it is used here with no further modifications

for a biaxial 1l:1 stress ratio.

1. Irwin-Anderson Equation.
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Figure 5-7. Uniaxial Fracture Tests of Center Preflawed Panels
(2219-T87 Aluminum Test Temperature —423°F)

where
KCn = nominal fracture toughness (uniaxial) based on critical
‘ flaw size
a = 1/2 critical crack length
o = biaxial yield strength

0 = membrane or hoop stress at rupture

C = bulge coefficient

R = radius of pressure vessel

2. Christensen-Denke Equation.

It has been observed that the Christensen-Denke equation for
uniaxial loading also can be used to accurately represent the
fracture envelope for structures subjected to multiaxial loading.
In Reference 13, the fracture strength of cylinders 5 to 260 in.
in diam predicted by the following equation are compared with
experimental results.
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where
(1 + 4.6 _‘ﬁc = an empirical correction (Reference 14) developed

by Kuhn to account for the effects of biaxiality and remaining
symbols are as defined for Equation 5-2.

5.2.2 Correlation of Results with the Irwin-Anderson Method

The experiment results of the fatigue preflawed and impact flawed panels
ruptured under biaxial loading are shown in Figures 5-8, 5-9 and 5-10.
Fracture toughness values, Kcn' of 97 KSI Nin. for 'all aluminum,

136 KSI Nin. for the fatigue-cracked titanium, and 167 KSI Nin. for the
impact-damaged titanium panels were used in the calculations. These values

were obtained directly from the uniaxial test results.

The good agreement between the experimental and predicted behavior is
shown in the figures. The values of the parameter (C) in the Irwin-Anderson

equation were taken from Anderson's work, Reference 12.

5.2.3 Correlation of Results with the Christensen-Denke Method

An additional correlation of the experimental results is shown in Figures 5-11,
5-12, and 5-13. In all cases the parameters and equations defined by the

uniaxial tests are modified for biaxial loading with Kuhn's correction factor.

The fit of the equation to the results of the fatigue-flawed and impact-flawed
panels appears equivalent (based on a limited number of tests) to the Irwin-

Anderson equation.
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Section 6
HYPERVELOCITY IMPACT POINT-LOAD TESTS

After completion of installation of the LH; system in the ballistic range,
system checkout tests were conducted, and some preliminary LN; checkout
shots were made. The LN, shots were all point-load tests, that is, the pro-
jectiles were launched against unprotected, biaxially stressed panels. This
section presents detail results of all hypervelocity impact point-load tests.
A series of LH) tests followed the initial LN, checkout work and comprised

the major portion of the point-load test phase.

The initial sequence of impact shots into LHZ-pressurized panels was con-
ducted using essentially the same procedure as that used during the LN,
checkout work. These LH, tests produced the following unexpected results:
(1) panel damage was quite severe, (2) the region adjacent to the puncture in
each panel was deformed inward, (3) there were numerous radial cracks
between the fast running tears, and (4) the tips of the sheet at the edges of the
puncture were severely curled inward. This behavior of a LH;-pressurized
shell was first thought to be anomalous to the behavior observed during hyper-
velocity impact tests of tank shells filled with other fluids. However, addi-
tional work disclosed that a heavy layer of condensation (henceforth referred
to as ice) had formed on the panels during each LH, fill. Interaction of the
impacting projectile with the layer produced the strange panel-fracture
behavior effects that were observed during the early LH) tests. These
effects are discussed in detail in Section 6. 2 of this report. Panels with a

layer of ice frozen on the front surface are representative of certain compos-

ite structural configurations; these panels are now defined as quasi-composite.

Thus, data from point-load tests of LH)-pressurized panels are of two dis-
tinct types: quasi-composite panel data and ice-free, or unprotected, panel
data.
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No condensation of consequence had formed on the panels during the LN,

checkout tests.

6.1 LIQUID NITROGEN CHECKOUT TESTS

Liquid nitrogen and gaseous helium were used as the system pressurizing
media during the checkout tests. Three LN, shots were made; the first two
impacts were made into 0. 032-in. -thick aluminum panels. A 1/8-in. -diam
glass projectile impact produced a catastrophic fracture, while a 1/16-in. -
diam glass projectile impact simply punched a hole in the panel (membrane
stress was approximately 40 KSI for both tests). After these tests were con-
ducted, a decision was made to use metal projectiles to provide results
more directly comparable with preceding NASA-sponsored research (Refer-
ence 15). Some bumper shots later in the current program were made with
Lexan projectiles. The third liquid nitrogen shot was made into a 0. 036-in. -
thick, titanium-panel target, using a 3/32-in. -diam aluminum projectile.

This test produced a simple puncture in the titanium panel.

Impact velocities were in the 22, 000 fps range. The impact flaws were as
expected as results from hypervelocity impact into a pressurized, liquid-

filled shell. The entrance holes were typical hypervelocity punctures, and
the fluid shock pressures caused outward bulging of the shells in the region

adjacent to the punctures.

Basic results of the point-load tests into LN,-pressurized panels are shown
in Figure 6-1 for 0. 032-in. -thick, 2219-T87 aluminum alloy, and in Figure
6-2 for 0.036-in. -thick, 5A1-2.5Sn (ELI) titanium alloy. The plotted points
show hypervelocity-puncture flaw size and the panel membrane stress for
each test and give a rough indication of the hypervelocity-impact fracture
envelope for LN, filled shells. It is evident that the hypervelocity-impact
fracture-strength characteristics (dynamic) are significantly different than

the static fracture-strength characteristics of fatigue preflawed biaxial panels.

The fatigue-fracture curves were calculated by Anderson's method (Refer-
ence 12) using uniaxial, fracture-strength, baseline data which was obtained

from tests on specimens made from the same alloys at LN, temperature.
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Later work on fracture-strength data correlation of LHZ—filled panels

resulted in development of a general expression describing the behavior of
cryogenic tank shells when subjected to point-load impact loads. Correlation l
of the LN, checkout test results with the proposed equation (the equation is
developed in Section 6. 3.2) are shown by Figures 6-3 and 6-4. |

6.2 TESTS OF QUASI-COMPOSITE PANELS AT LH, TEMPERATURE

The point-load shots into LH,-pressurized panels that were conducted during
the initial phase of this effort produced different results than originally anti-
cipated. Severe inward deformation and large tears were produced in both
aluminum and titanium panels. A pattern of failure behavior as a function of
stress level and projectile size (impacts essentially at constant velocity) was
somewhat evident, but did not fit either basic fracture-mechanics or

hypervelocity-impact damage concepts.

It was then discovered that a layer of some substance had formed on the front
of the panels during each LH, fill. The layer was dense and thick enough to
completely arrest hypervelocity fragments of significant size. The layer was
composed of cryopumped, liquified, and frozen elements of the residual com-
mon gases that remained after the range was pumped down to the normal
operating pressure level. The Douglas Ballistic Range Tankwas evacuatedtoa
vacuum of 3mm Hg. absolute during each run. There was no visual check of
the panel front-surface condition during the initial testing, because the fixture
was inside a closed range tank. The existence of the layer of condensate was
first deduced as an explanation of the strange panel behavior, then was
verified by a photograph of the fixture taken by a remote-controlled, still

camera during a dummy test run.

The basic results of the point-load shots into the quasi-composite panels are
presented by Figures 6-5a through 6-5d. Complete details of the basic
results of the impact shots 3;'; tabulated in Appendix D. This set of data,
although inadvertently obtained, 1s representative of a composite structure
composed of a main load-carrying shell upon which a layer of lower density

material was directly attached. Some concepts of external insulation for
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cryogenic tanks are similar in physical nature. The damage to a quasi-
composite structure can be more severe than the damage produced by direct

impact of a hypervelocity projectile against an unprotected shell.

No quantitative measure of composition of the layer of condensate was
obtained. The ice was eliminated for all subsequent testing. The actual
thicknesses of the layer at the instant of projectile impact undoubtedly varied
during each test run (dependent upon the time taken to charge the fixture

with liquid hydrogen). Experimental evidence from one of the shots indicates
the layer was at least 3/16-in. -thick; spray debris from a preliminary
bumper -projectile impact chewed through the foam-rubber-insulation dough-
nut to within this distance of the panel surface of the panel, then was abruptly

stopped.

The fracture characteristics of the LH,-filled, quasi-composite panels as
functions of panel hoop-stress and projectile-impact energy are shown by
Figures 6-6 and 6-7 for the thin-gage aluminum and titanium panels. No
fracture boundaries were obtained from the tests of the thicker gage panels.
Also shown are plots of the equation that describes behavior of the unpro-
tected (ice-free) LH, tank shell structures. The composite panels fractured
at much lower impact energy levels (for a given panel hoop-stress level) than

those that produced catastrophic fracture of an unprotected panel.

Several of the impact shots produced large, jagged holes in the test panels;
Figure 6-8 shows the front and back faces of an 0.032-in, -thick aluminum
panel after being struck by a 3/32-in. -diam aluminum sphere. The final
flaw size for this panel, lf’ (max., across tip of tears) was 3.0 in. This
point, along with results from similartests (where cracks arrested) are
shown by Figure 6-9. Also shownisthe fracture strength envelope of fatigue
preflawed biaxial panels. It appears that the critical-stress fracture-
envelope as a function of arrested tear size, L (under impact conditions),

may be safely considered as 75% of the static biaxial burst values.

6.3 TESTS OF UNPROTECTED PANELS AT LH, TEMPERATURES

After it became evident that ice had formed on the panels during all of the

early LH) panels impact test shots and that the severe damage to the panels
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had been caused by the interaction of the projectile and the ice prior to the
actual contact of projectile material with the panel, immediate action was
taken to eliminate the ice. The front of the biaxial test fixture was screened
from the range atmosphere with a bag or tent made of 1/2-mil polyethylene
sheet. The bag was filled and purged with helium during the chill down cycle.
Repeat shots were made of tests that had been conducted earlier. A
periscope system was also added to visually monitor the apparatus inside

the range tank to the time of the shot. The helium blanket eliminated the

1ce.

During two of the shots (57 and 58) that were conducted shortly after the
helium purge tent was added, the projectile broke up preceding impact on
the target. The break-up was attributed to interaction of the hypervelocity
projectile with the sheet material of the tent that surrounded the front of the
biaxial test fixture. Initially the tents were fitted loosely on the fixture; it
was hypothesized that the projectiles hit layers of folds of the tent material.
The design was modified slightly such that only one sheet (of 1/2-mil poly-
ethylene) of the tent could possibly traverse the line-of-flight of the projec-

tile. Projectile break-up did not reoccur.

The repeat shots proved that the ice formation had a significant effect on
panel fracture behavior. The severe deformations and tears did not reoccur.
Either simple punctures or punctures plus catastrophic fractures were pro-
duced. Testing was then continued with the panels maintained free of any
condensates, and a complete set of data on behavior of unprotected panels
under point-load impact conditions was obtained. Results are tabulated in
Appendix D, and basic results are also shown in graphical form by Figures
6-10 through 6-13. The figures also show the correlation of the basic test
data to a master curve representation of impact behavior that is developed
in Section 6. 3. 2 of this report. The fracture behavior of the thin-gage
aluminum and the thin-gage titanium panels, under the point-load conditions,
was established for two different working-stress levels in each panel

material,

Projectiles as large as 0.58g (0.350-in. diam) Lexan cylinders were fired at

the thick-gage aluminum panels, but only simple punctures were produced.
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Post-test examination of the panel which was hit by the largest projectile
(Panel 125A#B02, Shot No. 94) indicated that the impact-loading parameters
of this test were close to those that would produce catastrophic fracture.
The degree of general yielding in the region adjacent to the puncture was
geometrically similar to that of the thin-gage aluminum panels which were
subjected to critical impact loadings. As projectile sizes increased during
an impact test sequence, the resulting higher shock overpressures in the
fluid contained by the panel produced more severe outward bulge deforma-
tions in the panel around the punched hole. During the correlation of the
point-load impact test data, it was estimated that the data point for Panel

125A#B02 fell a short distance (qualitatively) below the fracture boundary.

Projectiles as large as 0.38 g (1/4-in. -diam aluminum spheres) were
launched against the thick-gage titanium panels. The fracture boundary was
established for the higher stress level in the panel. Impact of a large alu-
minum projectile produced only a simple puncture under lower stress-level.
conditions. No large Lexan cylinders were launched during the thick-gage,

titanium test sequence.

Typical results of point-load tests of unprotected panels are shown by
Figures 6-14 and 6-15.

The first approach for analysis of the point-load impact data was to compare
impact behavior as a function of hypervelocity puncture size, £, with the
results obtained from the static fracture tests of biaxial panels (Figures 6-16
through 6-19). It is evident that the static fracture relations do not describe
hypervelocity impact results, and that the overpressure loading from the
LH, shock must have a dominant influence on dynamic fracture behavior.
The correlation of the impact data with the yet-to-be-described master curve

representation is shown.

A relation that defines hypervelocity puncture size in thin shields (Reference
16) is the following:

/3

D/d = 0.45V (ts/d)z +0.90 (6-1)
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where

V is measured in km/sec

This relation was combined with the master curve representations to construct
the curves shown. Egquation 6-1 was checked by comparing the relation with
results of Douglas impact tests on actual sheets of the test panel material

and on the panels themselves. The prediction of hole size was accurate.

6.3.1 Analysis of LH2 Shock Wave Data

At the onset of the investigation, it was known that a shock wave overpressure
would be produced in the LH, chamber. It was presumed that an understand-
ing of the LH, shock would be essential if impact behavior correlation studies
were to be made. This is the reason the dynamic pressure transducers were

installed in the LH; chamber of the biaxial test fixture.

The relative time of arrival of the LH, shock wave at each of the three
instrumentation stations was obtained during numerous runs, the radial
propagation of the shock as a function of time after impact was calculated,
and the nature of the shock as a function of projectile kinetic energy was
characterized by the Chou method (Reference 3). This subsection reviews
Chou's method, describes special techniques used to handle the LH) shock

wave data, and presents an equation for LHp shock behavior.

Chou assumes (1) that hypervelocity impact into a fluid-filled tank creates a
hemispherical shock wave in the contained fluid, (2) that energy is released
immediately after impact, (3) that Hopkinson's scaling law applies, and (4)
that shock front velocity approaches sonic velocity at long times. He presents
the following semiempirical equation for shock wave radius as a function

of time.

R=ct+a(KE)3 “°o 6-2
= Co ( . -) Oge RO <t+t0) ( - )

which assumes that the shock can be characterized as a function of kinetic

energy. While not strongly advocating the energy correlation, Chou shows




that the relation yields good results for analysis of high-speed impact

into water-filled tanks.

The shock front velocity is obtained by differentiating Equation 6-2 with

respect to time which gives:

1/3
- A(K.E.)
U = c°+ <t+t> (6-3)
o
where
R = shock wave radius
t = time
c, = sonic velocity
K.E. = kinetic energy of the projectile
R, = characteristic length of the projectile
t, = a constant
A = a constant

U = shock velocity

Projectile characteristic length was taken as the projectile radius, d/2.

Because R must be zero when t is zero:

Zco
loge[R (0 + to) }

= 0
o
4co
- (to): 1
d
ts © 4c (6-4)
o

The basic data for determining the LH, shock wave radius as a function of
time was furnished by the dynamic pressure transducer oscillograms and by
careful measurements of test-apparatus and specimen geometry. The rela-
tive time of arrival of the shock at each instrumentation can be read to
approximately 1 psec; a typical time interval between stations is approxi-

mately 20 psec. The location of the impact point of each panel was measured




(post test) and a geometric layout was made to determine shock pathdistances
for each panel (Figure 6-20). Actual panel contours, as measured by the

spherometer instrumentation, were used in the layouts.

It was assumed for point-load tests that the shape of the shock was spherical
and that it was centered at the impact point on the face of the panel. Shock
wave radius as a function of time (after arrival of the shock at transducer Kjy)

can then be readily determined.

The time after impact, t, is not known directly, but was determined by a fit
of the empirical data to Equation 6-2. A typical example is shown by Figure
6-21. Values of A for several runs, as calculated by the noted procedure,
are shown by Figure 6-22. The arithmetic average of A for the points shown
is 0. 0657 in. /(ft-lb)l/3; however, the magnitude of the value of the "constant'
shows a tendency to decrease as the size of the projectile (also K. E. because
shots were made at essentially constant velocity) increases. This implies
that A is not a pure constant. The downward slope of the curve is relatively
small; the value of A changes approximately 30% over a K.E. range that

spans three orders of magnitude.

The downward slope of the curve with increasing projectile size can be
explained in part by the deviation of the actual impact process from the
assumption that energy is released immediately after impact. At a test
velocity of 21, 000 fps, or approximately 1/4 in./pusec, a 1/16-in. -diam
projectile is engulfed by the target in 0.25 psec. The larger projectiles
require a time period up to 1.5 psec after initial contact to completely inter -
act with the target. A finite time span for release of impact energy results
in a weaker shock than that which would result from an instantaneous release

of projectile K. E.

The effect on shock behavior caused by the projectile striking the tank wall
before entering the fluid is of some concern. Equation 6-2 does not include
assumptions to cover interaction of the projectile with the tank wall. A
simple analysis on partition of projectile energy was made. For geometri-
cally similar impact conditions, that is, for a given ratio of projectile

diameter, d, to the tank wall thickness, ts’ percentages of partition of
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Figure 6-21. Correlation LHy Shock Measurements with Chou's Equation

energy to the various energy-absorbing elements should be equivalent

(assuming there are no size effects other than discussed above).

The method selected for estimating energy absorbed by the tank wall compared
the ratio of tank wall volume removed by the hypervelocity puncture to the vol-
ume of the crater in a semi-infinite target of the same material when impacted
by the same size projectile. The crater depth in 2219-T87 aluminum is esti-
mated to be the same as that produced by impact into a 2024-T3 aluminum
semi-infinite target. From Reference 16, the semi-infinite target penetration
depth P_, is approximatcly (2.0)d for the impact of an aluminum projectile
into 2024-T3 aluminum at 6.6 km/sec or 21,700 fps. Assuming a hemisphe-
rical crater in the semi-infinite target (an approximation; at the impact veloc-
itics under consideration, material strength of the stronger aluminum alloys
has a significant influence onthe type of crater formed, scc References 16 and 17)
the ratio of the wall-puncture volume, vt,, to scmi-infinite target crater

volume, v  (aluminumprojectile impacting a 2219-T87 aluminum target) is:

t t
s . 3 s 2
v 64 ( d) (D/d) (6-5)




Combination of Equation 6-5 with Equation 6-1 gives the following results:

d/ts D/d Vts/vco
2 2.77 0.180
4 2.08 0.051
6 1.80 0. 025

If none of the energy used to form the puncture in the tank wall were trans-
mitted to the contained fluid, the percentage of total projectile K. E. lost
would range from approximately 2% to 20% for the panel geometrical configu-
rations tested. Values of d/tg for the points shown by Figure 6-22 range from
1.95 to 5. 85for the 0. 032 in. -thick aluminum panels and from 2 to approximately
3 (assuming the Lexan cylinder or equivalent aluminum sphere as the projectile)
for the 0. 125-in. -thick aluminum panel. Thed/tg for the titanium panel data

point is 6, 1.

Much of the energy used to puncture the tank wall is in turn transmitted to the
contained fluid by wall-fragment debris which are propelled inward. There-
fore, the percentages of energy loss noted previously are upper limits; actual
percentages are less. Order-of-magnitude estimates are made here that 50%
of the tank-wall, hole-formation energy is transmitted to the fluid. A precise
correlation analysis of the LH, shock data could be made by utilizing the
numerical calculations of Bjork (Reference 18), or of Walsh, et al (References
19 and 20); however, such complex analysis is beyond the scope of the current
research. Results of data correlation analysis using the residual K.E. con-
ceptare shownin Figure 6-23. The residual K. E. is the total projectile K. E.
less the K. E. estimated to be irretrievably absorbed by the tank wall during the
initial impactprocess. Corrections were alsomade using the Summers penetra-
tion equation (Reference 17)for the Lexan projectile compared to aluminum
panel and the aluminum projectile compared to titanium panel data analysis.
These corrections account for materials other than aluminum when using
Equation 6-5. Figure 6-23also shows the distance each pointis displaced from
the corresponding data point of Figure 6-22. It is evident that for the panel
configurations tested the presence of the wall has little effect on the fit of the
LH, shock data to Chou's equation. The value of the shock constant, A, still
decreases as projectile size increases. The change occurs at essentially the

same rate as that shown by Figure 6-22. Since there is always a wall
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containing the cryogenic propellant, the shock characterization shown by

Figure 6-22 is adequate for engineering use.

The LH; shock-wave data was obtained at finite times after impact. Data
reduction indicates the time of arrival at transducer station K] after the
instant of impact ranges from 30 psec for a low-energy impact to 12 psec for
a high-energy impact. Shock velocities at the instrumentation stations for
low-energy impacts are only slightly in excess of the sonic velocity. This
explains why values of the empirical constant, A, show considerable scatter

at the low end of the impact energy range.

Observed shock velocities (calculated by Equation 6-3 using the value of A as
determined for each particular shot) that occurred during tests using the
higher energy projectiles are significantly in excess of the sonic speed, C o
in LH,. For example, for shot No. 94, having an impact energy inputof 9, 300
ft-1b, the observed LH; shockvelocity at instrumentation station K| was 2.6
times the sonic velocity; and atstation K3, the LHp shock velocity was 1. 4 times
the sonic velocity. Figure 6-24 shows a comparison of typical shock-wave data

for high- and low-energy shots.

Therefore, the shock wave in LH, which is contained in a cryogenic tank of
the geometry investigated by this research, may be considered characterized
by the relation

0.189
d

R = 0.0472t + 0.0657 (K.E.)'/3 log_ (t) + 1 (6-6)

where

R is measured in inches
t is measured in psec
K.E. is measured in ft-1b

d is measured in inches

The kinetic energy range of the test data which was used to calculate the con-

stants of the shock equation spans the pertinent range for most meteoroid studies.

There is some evidence that the equation might not accurately describe the
shock at smaller times than measured by the dynamic pressure instrumenta-
tion system. Additional research at Lewis Research Center (References 21

and 22), beyond the research reported in Reference 2, has recently been
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completed on the nature of propagating shock waves in water-filled tanks.
The Lewis group reported that correlation of the new water-filled tank data |
with the method of Reference 3 (basically the same as Equation 6-2), using a |
projectile characteristic length, Ry, which was proportional to projectile size, ‘
did not give as good results as those obtained when a constant Ro was used ‘
and assumed to apply to all sizes of projectiles. A high-speed framing i
camera was used to photorecord the propagation of the shock front in water; data
was obtained at times as low as approximately a few psec. Impactswere made

directly into the contained water through prepunched holes in the target panels.

After review of the Lewis work, it was decided that examination of possible
lack of dependency of projectile size in the shock equation might yield addi-
tional insight regarding the nature of the LH shock. Some work using this
approach was accomplished. It must be recognized that the data from the

LH, tests are not directly comparable to the results of the Lewis research.

Different experimental approaches and instrumentation techniques were used,

and data on the LH> shock at the small times are not available,

Calculations were made to fit the LH, data to Equation 6-2 which was modi-

fied by replacing the variable projectile size, R = %, by a standard (constant)
projectile size, R = —22. A value for the standard projectile diameter, dg,

was chosen as 7/32(0.219) in. This size is in mid-range of the sizesused dur -
ing the LH, experiments, andalsois essentially the same as that of the projec-

tiles used during the initial water-filled tank research (References 2 and 3).

Correlation of the LH, shock data neglecting the effect of projectile size did
not improve the fit of the LH) data to the shock equation shown by Figure 6-22.
Calculated values of A were found to be slightly smaller for data points
associated with the larger projectiles, and were slightly larger for data points
associated with the smaller projectiles. Thus, the downward slope of the
curve of the constant, A, as a function of K. E. still existed. It was concluded
that measurements of the LH) shock at smaller times after impact would be

necessary before additional correlation analysis would be warranted.

If the compressibility (Rankine-Hugoniot relation) of the fluid is known, the

peak pressure behind the shock can be calculated. A precise relation for




LH2 at very high pressures is not known;* however, pertinent LH, compressi-
bility, at relatively low pressures as well as sonic velocity, is given by Scott

(Reference 23). Pertinent LH; characteristics (at temperature = 20°K) are as

follows:
1. Sonic velocity, c0
¢, = 1,199 m/sec
= 3,930 fps
2. Density, Po
P_ = 0.0712 g/cm’

3. Adiabatic compressibility (calculated), Dy,

= 977 x 10712 ¢m2/dyne (6-7)

The bulk modulus, Ey (inverse slope of the compressibility curve) at P, = 1

atm is

1
E, = =
b~ D,

- 1.025 x 107 dyne/cm?

14, 850 psi (LH, at 20°K at 1 atm) (6-8)

The bulk modulus, shown previously, was later used in correlation work on
point-load test results, in conjunction with a corresponding value for liquid

nitrogen (also from Reference 17):

E, = 91,100 psi (LN, at 77°K at 1 atm)

*Stepka has postulated a method for approximating Hugoniot's of cryogenic
fluids and low-density materials for which no experimental high-pressure
compressibility data exists (Reference 22). No attempt has yet been made
to analyze the LH) panel fracturec behavior reported in this document using
Stepka's estimated LH) Hugoniot.
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Thus, the correlation analysis, which used ratios of fluid bulk-modulus
values as listed, pragmatically assumed that the geometric form of the com-
pressibility curves would be similar at higher pressure levels. The com-
pressibility characteristics must be better defined before precise values of

shock strengths can be calculated.

6.3.2 Master Curve Correlation of Point-Load Impact Test Results

Because first examination of the basic test results indicated that the action of
the LI—I2

fracture behavior and that the shock could essentially be characterized as a

shock-wave overpressure was an important factor influencing panel

function of projectile kinetic energy, it appeared appropriate to examine
panel fracture behavior on an energy basis. First, the point-load test results
were correlated with panel stress level and projectile energy, (Figures 6-25
through 6-28). The data appeared to correlate well (for each particular
material and thickness) with energy, and a definite pattern of behavior was

evident.

It was then postulated that a general relation could be derived to describe the
behavior of all of the point-load panels tested. It was assumed that fracture
behavior could be expressed as a function of projectile kinetic energy. Mate-
rial strength, L fracture toughness, KC; panel thickness, ts; a projectile
characteristic dimension, RO; and compressibility of the contained fluid
(bulk modulus, Eb’ used to make the analysis tractable) each influence panel

fracture behavior (Reference 2).

It was hypothesized that the data could be normalized to nondimensionalized
form of a hoop-stress ratio (static conditions prior to impact), RG, and an
impact-loading and material-strength parameter, RI' The following defini-

tions are made:

H
Ry = 7

u (6-9)
R = f(t, R, K, E K.E.) (6-10)
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a 6
(E)% R )° (K.E.)5

R
I B Y
(K" (t,) (6-11)

The maximum pressure generated behind a shock wave front as a function of

shock velocity can be approximated by an equation of the form
p = k(U-c )™ (6-12)

where
k is a constant

m is a nondimensional exponent

Examination of available compres sibility data on various liquids indicates

that m has an approximate value of 1.5 to 2.0 in the pertinent pressure range.

Combination of Equation 6-12 with Equation 6-3 yields a relation for maximum

shock pressure as a function of projectile K. E. and time after impact, t.

AKE )3 ™
t + t
(o]

P = k (6-13)
If Equation 6-4 is correct for determining t, as a function of projectile size,

d, then to is also a function of projectile K. E., and Equation 6-13 becomes

AK.E.)/3 m

P =k
t + f(K.E./VZf/3

(6-14)

According to Equation 6-14, the pressure generated at the instant of impact
(t = 0) is independent of projectile K.E., but is a function of impact velocity
to the 2m/3 power. As time increases, the denominator of the expression
inside the brackets tends toward t plus a small number (in comparison to t;
to is of the order of a microsecond) and shock pressure becomes essentially

PR

a function of K. E. to the m/3 power.
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If the term t_ in Equation 6-13 does not depend upon projectile diameter (as
suggested by the recent Lewis research discussed in paragraph 6.3.1),
shock pressure is a function of K. E. to the m/3 power throughout the wave

propagation process.

Thus, it appears if t, is either independent or dependent upon projectile size,
the exponent for K. E. in Equation 6-11 is on the order of m/3 at the instant of
critical loading. A value of € = 0.5 (corresponding to m = 1.5) was chosen
for data reduction; final results indicate this choice was satisfactory. Note
that the correlation assumes that the critical loading is a function of maximum
pressure at the shock front. The total stress in the panel wall--at the instant
cracks are initiated at the edge of the impact puncture and begin to propagate--
is a function not only of the peak pressure but also of the shape of the pres-
sure pulse behind the front and the preceding load history. The complex
dynamic load, stress wave, and high-rate-of-strain material strength effects

are considered to be reducible to the nondimensional relations.

Comparison of the data obtained from the LN2 checkout shots with correspond-
ing values obtained from LH2 shots indicated that RI was perhaps a direct
function of Eb, that is, « = 1. This assumption was made on the basis of

meager LN2 data; future correlations could easily indicate a different value.

Shock overpressure at some finite time after the puncture is fully formed in
the panel (that is, after the direct cratering process is completed) loads the
panel in some complex combination of hoop-membrane and plate-bending
stresses. Hoop stress only would imply that y = 1; bending stress only
would imply that y = 2. Several trials were made at correlating data with
values between 1 and 2. It appeared that hoop-membrane loadings were
predominant and y = 1 was selected as the best estimate. The observed

behavior of the thick-gage aluminum panels influenced the decision to select

the low value for y.

Unfortunately, it was not possible to launch projectiles with sufficient energy
to produce catastrophic fracture in the 0.125-in. -thick aluminum panels. The
highest energy data point for this panel configuration was plotted at a level

significantly below the nondimensional critical impact-fracture boundary that




was determined by correlating data from tests of the thin-gage panels. The
thick-gage aluminum panel that was struck by the high-energy projectile had
a post-test appearance that indicated catastrophic fracture was perhaps
impending. The plastically deformed zone adjacent to the hypervelocity
puncture was compared with similar areas on the series of thin-gage alumi-
num panels that were tested below and above the critical loading conditions.
Use of a value for y greater than 1 would move the thick-gage aluminum

panel data points farther away from the impact-fracture master curve.

Values of B and 6 were then calculated from Equation 6-11. R_ is nondimen-

I
sional if
a+ & =P
2 + 6 +8 = _(1L.5)B + vy (6-15)
and a consistent set of units are used. Substitution of values of @ = 1,

€= 0.5andy = 1 yields values of B = 1.5and 6 = 0.25. Results of cor-
relation of all of the point-load data (points near the fracture boundary),

using the noted exponents with Equation 6-9 and 6-11 are shown in Figure 6-29.

It is now postulated that the dynamic fracture boundary can be described by

the equation

Ry = 1 - B (R (6-16)

Correlation to test data of Figure 6-29

B = 0.180
n = 2.25
Ry = 1 - 0.180 (R)% % (6-17)

and the relation is closely bracketed by the 0.032-in. -thick aluminum and the
0.015- and 0.036-in. -thick titanium data points.

It is recommended that the equations not be used at stress levels higher than
approximately 70% of the ultimate strength of the material, the upper limit
of the current test data. A practical procedure would be to cut the top of the

equation off with the fatigue preflaw burst test fracture envelope.
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One final note of caution. Values of Kc = 97 KSI N in. for the aluminum and
118 KSI « in. for the titanium alloys were used in this section to reduce data.
The fracture toughness value for the 2219-T87 aluminum was taken directly
from Table 5-1. The fracture toughness of the 5A1-2. 5Sn titanium was taken
at 118 KSI ~/ in. which is 15% less than the 136 KSI \in. shown by Table 5-1
for fatigue type preflaws. This reduction was made since it was estimated
that the crack gage instrumentation overestimated critical flaw size, 2a, by
a factor of significant magnitude. The parameter RI is sensitive to the value
used for KC; KC obtained by uniaxial tests on titanium panels showed signifi-
cant scatter and varied with the type of preflaw. Therefore, one should be
conservative when selecting KC for use in the master curve equation. The
uniaxial fatigue Kc's were used as the basic research objective which is to
develop general relations that describe complex hypervelocity impact
behavior but use material properties which are either already available or

can be determined using standard test procedures.
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Section 7
HYPERVELOCITY IMPACT DISTRIBUTED-LOAD TESTS

Distributed-load impact test configurations consisted of simple sheet metal
bumpers that were spaced various distances in front of the biaxial panels.
No fillers were inserted in the space between the bumpers and the panels.
The test plan was designed to complement a preceding meteoroid shield
research program conducted by J. F. Lundeberg, et al. (Reference 15), and
concurrent meteoroid-bumper interaction studies conducted by the Space
Research Institute of McGill University (NASA Contract No. NAS 3-4190).
Two basic projectile-bumper configurations were investigated; one group of
tests was made with aluminum projectiles shot into aluminum bumpers, and

a series of Lexan projectile-lead bumper impact tests was made.

7.1 METEOROID SHIELD TEST PROGRAM

A meteoroid shield program was arranged to provide design information on
the behavior of stressed biaxial panels which were protected by the following
meteoroid bumper or shield configurations:

1. Bumper, 0.032-in. -thick aluminum, spaced 3 in. and 6 in.
from the panels.

2. Bumper, 0.020-in. -thick lead sheet, spaced 3 in. and 6 in.
from the panels.

3. Panel membrane stress (nominal), 0.9 oy and 0. 6 Ty for aluminum
panels; au/l. 4 and 67% (Uull. 4) used for titanium panels.

A complete outline of the test plan and detail results are shown by Tables D-IV
and D-V of Appendix D.

The 0.032-in. -thick bumpers (and associated spacings) were chosen as
representative of a typical spacecraft sheet metal outer structure that would
enclose a LHZ tank. The aluminum projectiles simulate the density of stony
type meteoroids for impacts at the low end of the meteoroid velocity range,

which is 11 km/sec (36, 000 fps) minimum. It is thought that the aluminum-
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projectile, aluminum-bumper results are conservative (at a certain impact
K. E. level) when extrapolated to higher velocities, because the debris spray
will tend to break up into smaller individual particles as impact velocity
increases. Some of the theoreticians believe that meteoroids (and portions
of the bumper) will be completely vaporized during the projectile-bumper

interaction process at actual meteoroid velocities.

An impact of a Lexan projectile against a thin lead shield can produce a finely
dispersed debris cloud. This testing may closely simulate the impact at
meteoroid velocity of a stony type meteoroid against a shield constructed of
one of the standard structural materials. Such tests may also simulate the
lower density meteoroids (cometary type) for impacts that occur throughout
the complete meteoroid velocity range (11 to 72 km/sec). Therefore, it was
decided to include a series of Lexan projectile against lead (Pb) bumper

impact tests in the distributed-load test program.

The distributed-load tests were conducted using the same general techniques
that were developed during the point-load effort. Placement of the shields at
the proper position in front of the main target required special testing
techniques. Because panel contour measurements had to be taken, using the
remote control spherometer during each test, the shield could only be
inserted in position after the spherometer was retracted. Figure 7-1 shows

the method used to handle the bumper during the distributed-load tests.

A guard plate had been placed on the front of the fixture prior to the point-
load tests to protect the spherometer. Guides for suspension lines for the
shield were placed on the guard plate to ensure proper bumper spacing. The
bumper was held by two thin wires that ran from the bumper upper corners,
through the guides, to the spherometer retracting cable (Figure 7-1). After
the fixture was filled with LHZ’ and the -423°F panel shape, contour measure-
ments were taken, the spherometer was retracted, and the bumper was
automatically lifted to the proper test position. Figure 7-1 also shows the
helium purge tent that was placed on the front of the biaxial test fixture. All
of the apparatus in this figure is actually inside the tent; the photograph was

taken through the polyethylene tent material.




Figure 7-1. Fixture Setup for Distributed-Load Tests

7.2 BASIC TEST RESULTS

Table D-V of Appendix D gives detail results of the distributed-load test
results. The basic results of the tests are also shown in Figures 7-2 and
7-3. Three effects are immediately apparent: (1) an increase of shield
spacing, SS, from 3 to 6 in. increases the efficiency of the shield in relation
to the catastrophic-fracture failure mode; (2) catastrophic fracture can occur
at significantly lower impact energy levels for a bumper shot than that for a
point-load test when aluminum projectiles are used (target panels of the same
gage under equivalent prestress loadings); and (3) the surface damage pro-
duced by a Lexan projectile -- lead-bumper debris cloud -- is much less
severe than that produced by an aluminum projectile -- aluminum-bumper
debris spray (Figure 7-4). The aluminum projectile situation then results

in catastrophic fracture of the main target panel for a much lower projectile

energy input than that associated with a Lexan projectile test.
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Figure 7-2. Results of Biaxial Panel Distributed-Load Tests (Behavior of 0.032-In.-Thick 2219-T87
Aluminum at LH, Temperature)
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Figure 7-3. Results of Biaxial Panel Distributed-Load Tests (Behavior of 0.015-In.- Thick 5AI-2.5 Sn
(ELI) Titanium at LHy Temperature)
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Figure 7-4. Typical Distributed-Load Test Results

7.3 CORRELATION OF TEST RESULTS WITH IMPACT ENERGY AND
SHIELD SPACING
i‘he basic distributed-load test data were correlated with impact energy and
shield spacing in much the same manner the point-load data were treated
(Figures 7-5 through 7-8). Some point-load data are actually shown as base-
line points on the figures. The assumption here is that point-load test results
are equivalent to the case where thc bumper spacing, Ss (and, in effect, also
the bumper), equals zero. The figures thereby illustrate in graphic detail
that a bumpered target can indeed fracture catastrophically under lower
energy input conditions than that of point-load impact. The reason is evident;
aluminum projectile and bumper debris produced a large preflaw in many of
the tests, and the static fracture strength of the material is thereby reduced.
The impact energy differential at a given panel stress and shield spacing
between the aluminum-aluminum and the Lexan-lead fracture boundaries, as
shown in the figures, must be controlled dominantly by material fracture

strength behavior under dynamic loading conditions.
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Figure 7-5 Correlation of Distributed-Load (Meteoroid Shield) Test Results with impact Energy and Shield
Spacing (Behavior of 0.032-In.-Thick 2219-T87 Aluminum at LHy Temperature)
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Figure 7-6. Correlation of Distributed-Load (Meteoroid Shield) Test Results with Impact Energy and
Shield Spacing (Behavior of 0.125-n.-Thick 2219-T87 Aluminum at LHy Temperature)

Results of tests using Lexan projectiles and lead bumpers indicate there are

significant increases in panel fracture strengths for these test conditions
over those resulting from point-load impact. If the premise that Lexan-lead

projectile-bumper tests, conducted at relatively low velocity, simulate
meteoroid impact against typical spacecraft structure bumpers (such as thin
aluminum sheets) at much higher velocities is true, bumper configurations

are efficient as devices to prevent both puncture and catastrophic fracture
of pressure-stressed tank-shells.

Tests conducted with projectiles launched in the 20, 000 fps range do not
In this

provide sufficient data to fully resolve the bumper design problem.
research, two different projectile-bumper configurations were selected to be

tested. Results obtained from each set of tests are radically different.
Various research workers studying hypervelocity impact have different

opinions as to which test best simulates a metoroid strike against a bumper-

protected structure. The question has considerable import because many




spacecraft design studies have been made which assume (based on numerous

tests of spaced, but unstressed, sheet panels) that bumper configurations are

more efficient than unprotected vehicle hulls.

Another phenomenom relating to the efficiency of meteoroid bumpers is
indicated in Figures 7-5 through 7-8. For the test points plotted as ''safe"
point-load results, holes were punched in the panels. Puncture sizes ranged
from about 1/8-in. diam to almost 1-in. diam. If the puncture were not
repaired, the tank would leak. Calculations to determine the threshold of
puncture of the panels tested were made. The data of Reference 16 indicate
that, for aluminum spheres impacting finite-thickness 2024-T3 aluminum
targets at 7.4 km/sec, the thickness required to prevent perforation is
approximately 4 times the projectile diameter. The aluminum projectile

K. E. value corresponding to threshold puncture of each panel configuration
was calculated; corrections were made using Summers' penetration equation
(Reference 17) to estimate the behavior of the titanium panels. The K. E.
values for threshold perforation are extremely low when compared with
projectile K. E. values that produce the catastrophic-fracture mode of
failure. If the criterion for design is that no leaks may result from a
meteoroid strike, both bumper configurations that were investigated will

increase the efficiency of the structure.

The fracture boundaries are reasonably well established for the thin-gage
aluminum panels for the projectile-bumper configurations tested. For the
thick-gage aluminum, the data are sufficient only to indicate trends. The

hypothetical aluminum-projectile, aluminum-bumper fracture curve of

Figure 7-6 is estimated as a simple ratio of the thin-gage aluminum behavior

(with point-load data providing the anchor-point and basic panel strength
increase factors). Lexan projectiles only were used during the tests of

thick-gage titanium panels.
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Section 8

CONCLUSIONS

Some of the more important conclusions and observations resulting from
the research detailed in this report are briefly restated below. These

conclusions are discussed in greater detail in the body of the report.

1. The aluminum and titanium alloys investigated appear to be
suitable materials for use as structural walls of cryogenic
tankage within the context of a hypervelocity impact environment.
Both materials are tolerant to small flaws made by hypervelocity
punctures with test temperatures as low as -423°F. The
presented data can be used to make meteoroid hazard analyses
of the structures investigated during this research program.

2. The uniaxial strength of flawed panels can be used with reasonable
accuracy for design purposes to predict the behavior of panels
subjected to biaxial straining.

3. The experiment data demonstrates that safe working stresses can
be evaluated for pressure vessels subjected to hypervelocity
impact. However, a relatively narrow margin exists between
the extremes of safety and catastrophic rupture.

4. A fracture toughness parameter for the materials investigated is
useful in the analytical correlation of the experiment data but
cannot be solely used to establish safe pressure-vessel working
stresses. Dynamic hypervelocity-impact, fracture-strength
characteristics are significantly lower than the static fracture
strength characteristics of fatigue preflawed biaxial panels.

5. The quasi-composite panels (i. e., panels with a layer of conden-
sate frozen on the front) fractured at much lower impact energy
levels (for a given panel hoop-stress level) than those that pro-
duced catastrophic fracture of an unprotected panel.

6. Fluid shock overpressure is a dominant factor influencing panel
fracture behavior in point-load tests. Differences in LN, and
LH7 test results indicate that dynamic fracture strengths can be
directly related to the compressibility of the contained fluid.
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The LHp shock wave was characterized by the Chou method
(Reference 3). This method appears to be sufficiently accurate
for use as a component part of the data correlation approach as
presented by this document. Possible limitations of the shock
equation are explained in detail in Section 6.

It is possible to describe the results of all of the point-load tests

conducted during this investigation by a normalized master curve
relation.

A bumpered target can fracture catastrophically under lower
energy input conditions than those of point-load impact when
aluminum projectiles and aluminum bumpers are used. This
reduction in strength was not observed when Lexan projectiles
were fired against lead bumpers. These observations are limited
to the low 20,000-fps impact-velocity range.




Appendix A

PROCESSING HISTORY AND CHEMICAL COMPOSITION OF
TEST PANEL RAW MATERIALS

Table A-I1

PROCESSING HISTORY AND CHEMICAL COMPOSITION OF
TEST PANEL RAW MATERIALS

Material 2219 Al 5A1-2.58n (ELI) Ti
T emper T87 Annealed
Specification MIL-A-8920 TMCA Internal
Thickness (in.) 0.032 0.015
' 0.125 0.036
Supplier Alcoa TMCA
Heat No. - D-5907
Chem Comp (%) (Spec) (Douglas Check) (TMCA)
Al Bal Bal 5.2
C -- - 0.025
Cu 5.8-6.8 6.25 -
Fe 0. 30 Max. 0.27 0.16
H -- -- 0.006-0.015
Mn 0.20-0.40 0.27 --
Mg 0.02 Max. 0.02 -
N - -- 0.014
o) - - 0.07
Si 0.20 Max. -- -
Sn -- -- 2.5
Ti 0.02-0.10 0.07 Bal
A\ 0.05-0.15 -- -
Zn 0.10 Max. 0.05 --
Zr 0.10-0.25 - -
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Appendix B

MECHANICAL PROPERTIES OF TEST
PANEL MATERIALS

Mechanical properties of the test panel materials as supplied by the material
vendors (room temperature) and as determined by Douglas tests (at room
temperature and at LH2 temperature, -423°F) are tabulated in this appendix.
A comparison of the Douglas test values with previously reported values is

shown by Figures B-1 and B-2.
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Appendix C

STATIC FRACTURE TESTS OF PREFLAWED PANELS
TABULATED DATA

Panel nomenclature relates to uniaxial and biaxial test specimen type,
material, thickness, and sequence (serial no.) of particular panel types

as follows:

1. Uniaxial Fatigue Preflawed Specimen Example
UF032A#1 0. 032-in. -thick Aluminum, Serial No. 1

2. Uniaxial Hypervelocity Impact Preflawed Specimen Example
UH032A#1 0. 032-in. -thick Aluminum, Serial No. 1

3. Biaxial Panel Example (Also used for Impact Tests)
032A#B27 0. 032-in. -thick Aluminum, Serial No.
(Biaxial Type) 27
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Table C-1I
FATIGUE PREFLAWED UNIAXIAL PANELS TEST PLAN

Fatigue Crack

Ma;{l;?ed Tip Length
Test Specimen Thickness Width Length Left Right
No. No. (in. ) (in.) (in.) (in.) (in.)
1 UF125A#1 0.126 16. 000 4.566 0.118 0.144
2 UF125A#2 0.126 12.000 1.004 0.122 0.100
3 UF032A#1 0.033 16.000 4.032 0.102 0.102
4 UF032A#2 0.032 12.005 1.013 0.100 0.100
5 UF036T#1 0. 035 11.981 1.005 0.071 0.125
6 UF036T#2 0.035 11.980 0.197 0.034 0.048
7 UFO015T#l1 0.0145 12.008 1.000 0.057 0.074
8 UF015T#2 0.014 12.008 0.220 0.074 0. 040
Table C-1I
HYPERVELOCITY IMPACT PREFLAWED UNIAXIAL
PANELS TEST PLAN

Flaw

Test Specimen Thickness Width Shot Panel Size
No. No. (in.) (in. ) No. Position (in.)
9 UH1 25A#1 0.126 11.950 B8-20 Rear 2.166
10 UH125A#%2 0.126 12. 004 B8-20 Front 0.763
11 UH125A#3 0.126 12. 004 B8-18 Rear 0.892
12 UHO032A#1 0.033 12.003 B8-18 Front 0.467
13 UHO032A#2 0.034 11.998 B8-17 Rear 2.401
14 UHO032A#3 0. 033 12. 005 B8-17 Front 0.477
15 UHO036 T#1 0. 035 12.000 B8-15 Rear 0.560
16 UHO036T#2 0. 035 12.002 B8-15 Front 0.250
17 UHO36 T#3 0.036 12.015 B8-16 Rear 0.325
18 UHO15T#1 0.014 12. 001 B8-16 Front 0.180
19 UHO15T#2 0.014 11.985 B8-13 Rear 0.450
20 UHOL15T#3 0.014 11.985 B8-13 Front 0.185




Table C-III
FATIGUE PREFLAWED BIAXIAL PANELS TEST PLAN

Fatigue Crack

Machined Tip Length
Slot Length Left Right Burst Test
Specimen No. (in.) (in.) (in. ) Run No.
032A#B01 0.2 0.02 0.03 1
032A#B02 1.0 0.07 0.10 2
125A#B01 1.0 0. 07 0.07 3
015T#B01 0.2 0.03 0.04 4
015T#B02 1.0 0. 05 0.08 5
036 T#B02 1.0 0. 05 0. 06 6
Table C-IV

HYPERVELOCITY IMPACT PREFLAWED BIAXIAL PANELS TEST PLAN

Flawed By Hypervelocity
Shot No. B-8. 2- Puncture Size Burst Test

Panel No. (Appendix D) (in. ) Run No.
032A#B27 59 0. 34 7
032A+#B20 49 0. 22 ~---
125A#B06 64 0. 69 10 and 13
125A#B03 26 : 0. 20 ---
015T#B13 56 0. 20 8
015T#Bl1 52 0.16 11
036T#B08 65 0.41 9 and 12
036T#B06 62 0.33 ---
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Appendix D

HYPERVELOCITY IMPACT TEST RESULTS
TABULATED DATA

Detailed results of all hypervelocity impact tests are tabulated in this appendix.

Included are results of (1) checkout tests with the fixture filled with LNZ’

(2) point-load tests of quasi-composite panels, (3) point-load tests of unpro-
tected panels, and (4) distributed-load tests. The test fixture was filled with

LHZ during all tests after the LN, checkout series.

2
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Table D-IV
TEST PLAN FOR DISTRIBUTED-LOAD TESTS

1. Tests of 0.032-in. -thick, 2219-T87 aluminum alloy biaxial panels

A. Panel membrane stress (nominal), 0.9 ¢

(1) Bumper = 0.032-in.-thick aluminum (2219-T87); Ss = 3 in.

(2) Bumper 0.032-in. -thick aluminum (2219-T87); SS = 6 in.

(3) Bumper = 0.020-in.-thick lead sheet

(a) Bumper spacing = 6 in.
(b) Bumper spacing = 3 in.
B. Panel membrane stress (nominal) = 0.60

(1) Bumper = 0.032-in.-thick aluminum (2219-'1'87);5s = 3 in.

1

(2) Bumper = 0.032-in.-thick aluminum (2219-T87);Ss = 6 in.

1. Tests of 0.125-in. ~thick, 2219-T87 aluminum alloy biaxial panels

A. Panel membrane stress (nominal), 0.9¢

(1) Bumper = 0.020-in.-thick lead sheet
(a) Bumper spacing = 6 in.
(b} Bumper spacing = 3 in.
(2) Bumper = 0.032-in.-thick aluminum (2219-T87), bumper spacing = 6 in
(3) Bumper = 0.050-in.-thick aluminum
(a) Bumper spacing = 3 in.
(b) Bumper spacing = 6 in.
III. Tests of 0.015-in. -thick, 5A1-2.5Sn (ELI) titanium alloy biaxial panels
Tu

A. Panel membrane stress (nominal), 132

{l) Bumper = 0.032-in.-thick aluminum (2219-T87); Ss

t
w
[
=}

(2) Bumper = 0.032-in.-thick aluminum (2219-T87); Ss = 6 in.
(3) Bumper = 0.020-in.-~thick lead sheet

(a) Bumper spacing = 3 in.

(b) Bumper spacing = 6 in.
(4) Bumper = 0.010-in. -thick lead sheet; SS = 6 in.

o
B. Panel membrane stress (nominal), 67% ofﬁ

(1) Bumper = 0.032-in.-thick aluminum (2219-T87); SS = 3 in.

(2) Bumper = 0.032-in.-thick aluminum (2219-T87); Ss 6 in.

IV. Tests of 0.036-in. -thick, 5Al-2. 5Sn (ELI) titanium alloy
(2
A. Panel membrane stress (nominal), ﬁ
(1) Bumper = 0.020-in. -thick lead sheet

(a) Bumper spacing = 6 in.

(b) Bumper spacing = 3 in.
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